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Heat  Iransrcr  and  cooling  in  gas  turbines  is  one  of  the  crucial  fields  in  (h;  quest  for  higlier  perforniiince  as  well  as 
improved  life  and  reliability.  The  purpose  of  this  Synipo.siuni  wits  to  bring  together  experts  from  industry,  research 
establishments  and  universities  to  discuss  fundamental  and  applied  heat  transfer  prut'loms  relevant  to  gas  turbines  and  to 
exchange  practical  experience  gained  in  component  and  engine  devclopniciit  and  testing. 

'I1ic  Symposiutn  focussed  on  turbine  blade  cooling  including  the  interaction  of  cooling  and  aerodynamics.  Furthermnie. 
heat  transfer  in  compressors,  combustion  systems,  as  well  as  heat  exchangers  was  covet  ed.  Rmphasis  was  also  placed  on  heal 
transfer  modelling,  ex|>erimentnl  techniques  and  test  facilities. 


*«* 


Lc  transfcrl  therinique  el  le  rcfioidissement  dans  Ics  turbines  a  gaz  constituent  I’lin  dc.s  domaines  critiques  qiii 
caracterisent  la  recherche  de  pt^rformances  snpericures  ainsi  que  d'lme  loiigcviti;  ct  d'uiie  fiabilite  accrues.  L'objectif  dn 
Symt>ositnn  qui  vient  dc  su  (enir  fiit  dc  reunir  des  experts  appartenant  a  des  milieux  iiuliisirlels.  a  des  ciablisscments  dc 
recherche  ct  it  des  universites  pour  eludier  Ics  prubicnics  dc  ti  aiisfert  thermique  lies  aux  turbines  a  g<)/.  tani  dans  le  dumaine 
foudainenlal  que  dans  celui  des  applications,  ct  pour  proeeder  a  des  echanges  de  vues  bases  stir  I'experience  acquisc  eii 
maiicre  dc  dcvcioppemcni  ct  d'essais  de  compostints  el  dc  motcurs. 

l,c  Symposium  a  pone  tout  speeialcment  sur  lc  rcfroidissemenl  des  aubes  dc  turbine,  en  tenant  comptc  de  I'intcraction 
entre  rcfroidissemenl  et  acrodynamique.  II  a  convert  cn  outre  Ics  problemc.s  dc  transfert  thermique  dans  Ics  compresscurs, 
Ics  systentes  dc  coinlinstion  uinsi  cinc  Ic.s  cchangcurs  dc  ohalcur.  L'accent  a  etc  egalcmeni  nris  snr  la  modelisalion  du  transfert 
thermii|uc,  Ics  techniques  expcriinentalcs  el  les  installations  d’essais. 
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In  considering  recent  ilcvclopnicnts  in  engine  design  it  is  obvious  that  the  uiuicrstanding  of  the  heat  transfer  piocesses 
in  gas  turbines  and  the  advtincenient  of  cooling  techniques  are  crucial  elenicnts  in  the  quest  for  higher  perfotniance  and 
reduced  fuel  consumption  as  well  as  for  improved  life  and  reliability.  This  Symposium,  therefore,  was  aimed  at  the  disussion 
anti  aiiiilysis  of  problems  eoncerniitg  fundameittal  and  applied  heat  transfer  problems.  I  n  order  to  limit  the  scope  of  the 
meeting,  heal  transfer  problem.s  as  related  to  icing,  hearings  anti  lubricaiion  etc.  were  not  subjects  of  the  meeting  as  those 
Ittpies  have  hcen  covered  intlividtially  by  similar  AG  ARD  meetings. 

Intluced  by  the  well  biiltmceil  program,  the  papers  as  woM  as  llie  discussions  were  tlircclctl  Itnvartls  current  problems.  It 
was  shown  that: 

--  despite  recent  progress,  itirhinc  hltidc  cooling  remains  a  major  focus  of  interest.  In  particular,  questions  concerning 
llic  imcrital  heat  transfer  itced  to  he  addressed  in  depth,  including  the  effects  of  rotation.  I  'tiriiiermore,  the  influence 
and  aerodynamic  ircfformancc  of  coolant  ejection  rcriuirc  continuing  attention, 

—  with  increasing  pcrforniaitcc  requirements,  modified  and  even  new  lechttologies  will  have  to  be  applied  for  other 
components  also,  c.spccially  the  conitmslor,  the  compressor  and  heal  exchangers. 

—  progress  has  iKCii  made  in  miHlclIing  with  successful  application  of  numerical  codes  for  the  prediction  ol  at  least 
external  boundary  layer  flows.  Problems  arise  in  considering  pressure  side  flow  and  wake  culling  effects, 

—  sophisticated  cxpci  inicntal  techniques  are  r>f  crucial  importance  for  continuing  sucee.ss.  The  hcnelits  of  the  utilization 
of  steady  flow  hot  gas  c.xpcrimculs  iind  of  short  duration  tunnels  were  comparctl.  Non-imrusive.  o|>tieal 
instrumentation  as  well  as  miniaturised  fast  response  gauges  were  shown  to  hold  the  key  to  further  developments. 

All  increasing  acceptance  and  use  of  Ihoorolical  models  by  hidusfry  was  recognized.  Uy  including  resnils  derived  from 
stationary/  gas  lurhines  it  was  shown  that  —  despite  different  design  philosophies  —  measurements  on  generally  larger 
components  of  gas  lurhines  yield  Ic.sl  results  which  can  be  utilized  in  jet  engine  development. 

Iliere  was  general  tigrecnient  between  the  parlttipaws  that  intensive  research  efforis  on  heal  transfer  processes  and 
cooling  beyond  the  scope  of  lurhinc  stages  are  necessary  for  engine  improveincni  and  cost  rciluclion. 


I.  INTRODUCTION 

The  devclopniciu  of  high  performance  gas  turbines  and  especially  of  jel  engines  has  tilways  been  —  and  continues  to  lie 
—  de|ieiidciit  on  a  rise  in  thermal  efficiency  and  specific  Ihnisi  primarily  due  U>  increiising  lurhine  inlet  icmpcraiiircs  and 
simullaueously  laising  pressure  ratios.  Thus,  high  thermal  loads  in  ihc  engine  cumponenis  of  the  hot  gas  passages  —  i.c. 
comhuslor  and  turbine  —  are  observed  its  well  as  in  the  high  picssiirc  section  of  the  compressor,  a  piohlem  of  fast  gmwiim 
importance  especially  when  considering  transient  engine  opcralioit.  Funhermoie,  Ihc  efficient  integration  of  lical  exchangers 
into  smaller  regenerative  engines  is  a  well  recognized  problem  with  far-reaching  consequences.  Although  numerous  |>apcrs 
have  huen  piihlished  on  various  aspects  of  these  problems  central  to  gas  turbine  design,  the  h.sih  Symposimn  on  1  leal 
Transfer  and  C'luiling  in  Gas  I'lirbiiics,  organized  ti  file  AGARD  l“ropiilsion  &  luicrgetics  Panel  and  held  May  o— 10,1  bS.S 
in  Bergen,  Norway,  was  seen  hy  the  parlieiptmts  as  an  cxircmcly  tiseful  meefing.  In  attraeling  specialists  from  research  gronp.s 
working  in  the  field  —  in  indns<ry,  as  well  as  research  establishments  and  universities,  —  a  slimiilatiiig  exchange  of  current 
research  results  was  achieved. 

The  meeting  was  divided  into  eight  sessions  with  42  papers  originally  snhmilled,  three  of  which  wore  not  presented. 
,S|Kci;il  subjects  such  as  icing  and  licariiigs,  and  Inhricalioil  were  not  included  us  they  htivc  been  covered  hy  other  inceiiiiRs. 
I'his  Sym|Hisiinn.  therefore,  bicussed  on  the  areas  of  turbine  bltule  heal  Ira.isfer,  internal  f.t  papers)  tuui  external  (o  papers), 
turbine  cooling  (.'i  papers).  niiHlclling  (4  papers),  comhuslion  systems  (5  papers),  experimental  techniques  (7  pa(H.'rs), 
comiiressors  (2  papers)  and  heat  e.xehangers  (2  papers)  and  the  inieraelioii  of  coolant  with  main  flow  (4  papers). 


t  OM I  N  I  OI  i III  SYMrOSIlM 


In  hn  mil i>ilik'l(ii\  mu  vin  pii|H  i .  I)  |■.^U'(/;>^.■l  (Aii/niu  Male  I'lii'oiMly.  I'  S.) em|iliaM/cil  ihe  ililluiill  iiauiiv  nf 
liiihinc  lU'.il  iraii'-lci  anaIvNis  as.  ill  I’eiicia!,  iniivccUnn  prnl'ltiiis  with  exliciiicly  eomplex  llnw  licUls  aic  In  he  ilosciibcil  1  k- 
slii'ssetl  ll’.e  lael  llial  espL'niiicnial  lesulls  slill  iciliain  Iho  lotiiulaiuMi  Im  itesign  Ini  i.k'si};u  wheieas  coiiipiiiaiinnal  fliiiii 
ilMi.iiiik  s  liasc  noi  been  useil  I'slei'.snoly  m  cnnk'il  liii  hiiie  sleicinpiiiciil.  Dm  ill}:  Ihc  i  i'urso  iif  llic  iii  iclin};.  how  os  el  ,  it  was 
show n  thal  eoiiipiiialioiial  inelhints  are  nipKlIy  )'aiiiiiii:  iiiipoitaiiee  aiwl  (irovule  a  lairiy  lii"li  ilejliee  ol  aeeiiiaey.  al  leas!  (oi 
pieliininai  y  predielioiis.  I  hls  is  paiiieiilaiiy  line  fni  external  Hows  with  heal  liansfei  .  In  keepiiii:  with  his  ow  n  experieiiee. 
I’rok'ssoi  Mel/eer  waiileil  liiseonliihiilion  lohe  seen  ns  asainplinu  lallier  than  a  survey.  In  iisiiiiiesainnles  lioiii  his  ow  n  as 
well  Us  oiliei  s  eurreiil  woi  K,  he  was  able  to  iiilioihiee  the  major  lopies  of  the  meeliiiit's  sessions.  U  w  as  siresse'l.  llial 

—  eon uelei able  work  leinains  |o  he  done  in  unelerslantling  the  internal  hlatlc  Hows.  I'rofessoi  Mei/iier  emphasized  the 
piohlenis  assoeialcel  with 

i  sei  peitline  cooliii};  jiassages  wilh  eenii  ifupal  I'oreos  in  a  turning  flow',  roughness  ellceis  ele.  eiihaneiiig  llie  heal 
II  aiislei  I'lie  iiiulerslaniling  of  the  inllueiice  of  rotation  elcserves  allenlion. 

II  —  jei  anal  iniiiingeineni,  svhieli  aelually  is  of  longsiuntling  interest  with  its  ihree-lempetainre  prohieni. 

III  pin  fin  arrays,  wliieli  shonUI  he  lailorerl  to  auginenliiig  the  internal  heal  iraiisler  to  niaieli  ihe  loeal  eharaeler  of 
the  e.slernal  heal  loails.  I  leal  liaiisfei  eliaraeleristies  as  well  as  pressure  loss  eoelfieieiils  are  ol  iniporlanee 

—  a  variolv  ol  s|K'eifie  piohlenis  eoiieeriiingflie  external  flows  shoultl  he  addresseil.  For  example 

I  —  hkivle  lip  heal  traiislei  Professor  Mel/ger  eonelueleel  that  the  leakage  flow  is  hasitally  an  inviseiel  pressure 
ehisen  flow  svilli  Ntissell  aiul  UeynoUls  numhers  hasetl  on  the  elearaiiee  gii)! 

ii  —  rhsk  heal  Iransrer  on  the  faees  of  lurhine  and  compressor  tiisks  reniiiius  an  iniporlaiu  problem  in  giis  lurhine 

Ileal  iriinsfer. 

ill  --  Him  etioling  will  remain  one  of  the  most  imporlani  subjects.  Professor  Metzger  siresseil  Ihe  fact  tlial  more 
eonsisleiiey  in  aeriiiiriiig.  |>resenling  aiiel  comparing  the  data  is  needed. 

—  ex|ici  imeniiil  iiioiIukIs  focus  on  die  net|uisiiion  of  localized  heal  transfer  data.  Improved  and  relalively  new 
leclmi<nics  were  discussed  mid  shown  to  be  vital  for  the  future  success  and  devs'lopnienl  of  llieorelical  niodols.  Mass 
triiiisfei  and  inciting  point  leelmitiucs  were  liigliliglued.  I  he  iniporlanee  of  appropriate  experimental  lecliiiiriues  is 
mil  rot  ed  in  Ihe  high  numher  of  papers  directly  or  indirectly  presented  on  this  subject  dtirtng  the  course  of  the 
meeting. 

From  the  eoaltihutions  made  during  the  Symposium,  most  of  I’rofessor  Metzger's  etiiicliisions  can  he  snpporled  ainl 
arldiiiiiiial  cm  rciil  ini'orniaiioii  was  jii  csontetl.  .Several  lendencios  for  current  and  future  development  ean  he  rlislingtiishcd 
anil  will  he  discussed  along  wilh  Iho  major  aspects  of  the  paiieis.'*  not  itecessartly  in  ol  der  of  die  in  ogriini  hul  lolUiwiiig  dieir 
actual  coiiienl. 


Blade  Internal  ifeat  rraiisfer 

llie  undersianiliug  ol  imeriial  heal  transfer  includiug  the  cffeels  of  roliuioii  is  exlreinrly  imporlaul  lo  model ii  engine 
ilesign.  I’l  ogiess  is  being  made  in  developing  approiirialc  experimental  facilities  by  engine  maiiufacluters  and  research 
establishments  IIS  shown  by  K.J. Clifford  (Kolls-Uoyce.  UK)  and  W.D.Morris  and  S.l  .Uarasgauiii  (Univcrsily  of  Hull  and 
Koval  Aireriifi  F.suihlislimeiil.  UK)  Due  lo  the  comfiliealed  iiiilure  of  the  loUding  flow  with  Coriolis-induced  fluid  motion, 
eultaneemeiii  its  well  as  reduction  in  die  heal  transfer  is  ohsei  veil  ile|ieniling  on  Ihe  radial  ihiection  of  llie  eoolaiii  flow. 

in  die  ongoing  seaieli  tor  optimal  eithattccmcnt  of  internal  heat  transfer  hy  pin  fins,  heiierus  t  an  he  ilorivod  from  careful 
.selei'lioit  of  die  gcoinclries  wilh  eoiisidcrahle  reiliiclions  in  the  pressure  lossa.i  sh.owii  hy  S.C.Aroi  a  and  W.A.Messeli  (Pratl 
anil  Wliiliiey.Caniula).  In  comparing  rcsnllsof  various  groups,  ilifficnlties  can  arise  from  the  liirgi;  ntnnhet  of  paramcler 
variadous  and  the  noii-imil'ormity  of  tiata  rcdtielions. 

I  he  advanliiges  anil  the  poicntial  of  shelf-spar  cixiling  arrangemcnls  were  illiisiriilcd  hy  Ci.P.Bull  ( Weslinghoiisc 
Canada)  anil  W.F. North  (Wesliiighousc  f'.lcctiic  Corp,  US)  for  nozzle  cooling  of  stalionary  gas  nirhincs  indicaliiig  llie 
liciiclils  for  slaluinnry  as  well  as  jel  engine  ilcsigncrs  lioni  muuial  exchange. 


External  I  leal  Iransfer  tin  Blades,  I’lalfiirms  and  Casings 

Allhongli  considerable  jirogrcss  has  heeii  imule  in  descrihiiig  ihe  external  hladc  heal  transfer,  improved  methods  of 
prediction  are  a  necessity,  'riicorctical  and  e.xpcrimcnial  efforls  scent  lo  complement  each  other  quite  well,  indicining 
growing  confideiiec  in  the  iiicKfclIing  and  in  recently  developed  eoilcs.'l'litec  major  arer  s  of  inleresi  were  identified 

i  —  effects  of  turlHilence,  )iiessuie  giadieiils,  roughness  etc.  on  the  heat  transfer  loefficienl 

ii  —  wakes  ami  iheii  influence  on  the  heat  transfer 

*Sci‘  Kelcreiici's  and  an  Aiiilior-  Siihjcct-Malrix  in  Apjx'iidix 
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iii  —  niiii  and  aci (ulynaniic  iiilutaclionN 


Dsing  ihc  VKl  short  duration  isentropit  compressor  tube  facilitv  for  the  study  of  Maeti  ;iiinibt'r,  Reynolds  niiinher  and 
ttii  bvilcncc  effects  on  the  heal  transfer  '•ocfficient,  I’, Arts  (VKl  Helgiutn)  finds  gooil  ngreement  iit  eoniparing  measurements 
with  predictions  (S  TAN  5).  A  problem,  though,  in  this  appnuicli  remains  the  modelling  of  the  boundary  layer  transition 
which  was  tiiggei  eti  by  it  ntomentum  thickness  Reynolds  number  value  provided  by  the  user.  W.Rod;  (Universititt  Karlsruhe, 
Cic.)  and  (i.Selieuc rer  (Universitiit  Hriangen.  Ge.)  present  calculations  of  transitional  boundary  layer  tising  the  low- 
Reyiiolds-number  version  of  the  k-E-model  of  Lam  and  Urciiihorsl  in  siniiilating  Ihc  phy.sical  transport  and  transition 
mechanisms.  In  general,  though,  more  rapid  transition  is  predicted  than  is  found  in  the  experiincni.s.  ntis  is  supported  hy  the 
rcsidts  presented  by  S  Wiltig,  A.Schulz,  H.J.Hatiei  and  K.H.Sill  (Gniversitat  Karlsruhe,  Gc.)  from  their  study  of  turbulence 
and  svake  effects  on  the  heal  transfer  cocfricieiUs  in  a  continuous  hot  gas  tunnel,  it  is  illustrated  that  the  wake  plays  an 
important  role  in  triggering  the  transition  as  lung  us  the  main  flow  turbulence  intensity,  is  relatively  low.  11ie  unsteady 
process  of  wakc-ciitling  is  monitored  by  O.J.Doorly  and  M.l..G.OIdfield  (Gniversity  of  Oxford,  GK)  and  C.I’.J .Scrivener 
(Rolls-Rnycc.  GK)  in  the  transient  cascade  of  the  Iscntropic  Light  i’isloii  Tunnel  (ILRT)  at  Oxford.  As  in  Willig’s  ct  al. 
e.xpcrimenis  under  steady  conditions  it  was  concluded  that  the  primary  effect  of  wake-passing  is  to  promote  an  early, 
unsteady  transition.  The  effects  on  Ihc  pressure  surface  stem  (o  l>c  somewhat  less. 

The  Symposium  provided  an  excellent  opportunity  for  comparing  the  flow  tunnels  used  by  Ibc  various  research  groups, 
i.e.  conlimious  hoi  gas  flow  luniiels  v.s.  short  diiraliuti  coniprc.ssion  and  piston  funnels.  As  indicated  before,  Arts  and  Doorly 
ct  ;tl.  used  sliort  duration  facililics.  C.J.l’.r'orih,  I’J.Loflus  and  P.V  Jones  (Giliversily  of  Oxford,  UK)  in  their  study  of  density 
ratio  effects  on  the  film-cooling  also  used  llic  Oxford  tLIT.  Ilic  new  Isentropic  L.ighi  Piston  Annular  Cascade  facility  at 
UAK  Pycslock,  described  by  A.J.Uiooks,  O.L.C'olbournc,  E.T.Wcdlake  (RAE  Pycsiock,  GK),  P.V  .Jones.  M.L.G.Oldficld, 
D.L.Schultz  (University  of  Oxford  UK)  and  P.J.Loflas  (University  of  Maryland,  flS)  utilizes  experiences  gained  with  Ihc 
''xford  facility  and  conditions  close  to  engine  operations  arc  simulated.  A  vast  amount  of  experience  has  been  gained  by 
iVl.G.Ounn  (Calspim.  Uuffalo,  US)  in  using  a  sliock  tunnel  for  turbine  stage  tests.  Wide  variations  in  lest  conditions,  flexibility 
and  availability  of  appropriate  instriinicntatioii  seem  to  be  the  major  advantages. 

If.  however,  detailed  information  on  physical  phenomena  such  as  turbulence  inlensities  and  length  scales,  boundary 
layer  stnicturcs,  mixing  processes  etc.  is  required,  continuous  flow  and  suction-type  tunnels  appear  to  be  used  more 
fre(|iieiilly  and  appear  to  hold  sonic  advantages.  In  addition  to  Wittig's  ct  al.  work,  A.B.'I'umcr,  E,H.A.’l'aradah  and 
r.J.Baylcy  (University  of  Stissex,  GK)  used  a  continuous  flow  cascade  effectively  in  studying  the  influence  ol  surface 
roughness  on  the  heal  transfer,  stressing  the  combined  effects  of  the  influence  parameters  such  as  roughness,  ttirbulcitcc 
levels  etc. 

Tlic  various  investigations  on  film  cooling  discussed  in  ihc  course  this  .Sym|>o.siuni,  exclusively  utilized  continuous 
flow  facililies.  II.Krusc  (UI^LR,  Kdlii-Walin,  Ge.)  analyzed  Ihe  influence  parameters  such  as  geomciry  and  main  flow 
eltaracterislies  on  the  heat  transfer  downstream  of  a ;  mglc  row  of  injection  hole,s,  eonchidliig  lliiit  Ihe  effect  of  pressure 
gradients  seems  to  be  weak,  whicli  supports  previous  fiiutings.  O.Kolleii  and  W.Kosehcl  ('I  cchnical  University  of  Aachen, 
Gc.)  determine  Ihe  effects  of  film  cooling  on  the  aerodynamic  performance  in  an  aiuiuhtr  cascade,  whereas  F.Lcbocuf, 
A.Cjnvani  and  C.OIlivicr  (Ecolc  Centralcdc  Lyon,  Fr)  report  on  Ihc  aerodynamic  iiileruetion  of  a  flow  with  a  jet. 

Trailing  edge  cjcclion  is  the  subject  of  a  study  by  FJI.Kost  (DFVl,R;OdtlinBcil,  Ge)  and  A.  I’Uohiies  (Rolls-Royce,  GK) 
performed  in  the  DFVLR-lumiel.  The  loss  mechanisms  were  separated  and  practical  coiielusioiis  for  the  blade  design  arc 
derived.  The  boundary  layer  intcraelioii  with  shock  waves  and  simulated  cooling  flows  wtis  examined  in  a  cascade  wind 
tiiiiiiel  by  R.Kiock  and  U.l loheisel  (DF VLR,  Braunschweig, Ge),  HJ.Dictrielis  (MTU  —  Muiichcn,  Gc) and  A.'T.Holmcs 
( Rolls-Koyec,  GK).  A  major  problem  has  been  and  conliniics  to  be  Ihc  generalizalioii  and  Iraiisfer  of  Ihe  large  amounts  of 
speeifie  expurimcntal  data  obtained  by  \  arious  groups.  M.R.L’Ecuyer  (Purdue  University,  US)  and  F .O.Soccliting  (Pratt  and 
Whitney,  US),  in  a  vei  y  useful  contribution,  lake  data  available  from  Ihe  lilcralure  and  develop  a  generalized  eurrclaliun  for 
film  eiKiling  effeclivcness.  A  similar  approach  would  be  quite  helpful  in  a  variety  of  other  areas. 

('onliiuiiiig  efforts  are  required  in  understanding  the  flow  with  and  without  eixilant  iiijcelion  along  plalh  riiis,  shrouds 
and  casings  and  across  bhide  lip  clearanees  as  stre.ssed  by  Prof.  Metzger.  A.E.Buurguignon  (SNECMA,  F'r)  reports  on  her 
studies  of  platforms  of  pi  aetical  interest  with  various  film  crHiliiigeonrigurations.'Tlie  ilata  seem  toeorreliite  quite  well  with 
predictions.  Uiiforlunalely,  though,  ilie  coniparisoii  with  results  from  other  research  groups  is  largely  ini)H)ssibl(.'  as  only 
t|nulilative  and  relative  data  without  reference  values  were  presented.  R.S.AIIwood  (Rolls-Royce.  UK),  using  .sinipliTicd  heal 
eoiidiictioM  analysis,  explored  the  design  of  static  shroud  easing  segments  using  eeriunic  coalings.  It  appears  that  more  work 
in  this  area  should  and  will  be  done,  as  in  various  AGARI)  inenilier  Countries  activities  are  under  way. 

Professor  Metzger’s  eommeiil  on  the  iiiifiorltince  of  lip  f;.‘a:aranee  flow  was  not  reflected  in  the  progra  it.  More  work  is 
clearly  needed  In  this  area. 

A  very  thoioagh  and  detailed  account  of  the  transfer  of  availatile  experimental  data  and  theoretical  models  to  prototype 
ei  iginc  designs  and  Ihe  subseciuciit  lest  of  the  cooled  components  in  Ihe  engine  was  given  by  H.J.Uiuf  (Brown  Boveri  iuul 
Company,  Switzerland).  It  can  be  euncltided  that  available  codes  yields  gotxl  results  for  liirbiilenl  boundary  layers.  Laiger 
tleviaiions  still  occur  for  transitional  flows,  Oi  af  eonfirins  Ihe  coiielusioiis  of  the  previously  cited  papers  tlial  improvements 
ill  Ilie  model  cspueially  iinder  eotisideralioii  of  film  eixiling  paramelers  are  in  order.  It  seems  that  due  to  llie  larger  scale  of 
the  slatioiliiry  gas  turbine,  relatively  high  data  aecuracy  was  achieved  which  is  also  quite  helpful  to  future  jet  engine  research, 
More  work  of  similar  iiccuraey  is  needed  for  a  final  evaluation  of  flic  theoretical  tools  developed  and  eonipiitcd  witii  data 
derived  from  cascades. 


xiii 


Hotutini;  Disk  Cooling 

1  ho  <lcvclopmonl  of  odvonccd  acro-cngincs  rc(|uiics  dolailod  kiiowlttlgo  of  (Ik  ironsiciil  ihormal  hciiaviour  of  tiio 
compressor  and  liirbiiie  rrrtor  disks.  'I'lii  ec  papers  —  a  luiiiilier  which  docs  iiol  relied  the  itnporlance  of  the  problem  —  were 
direeled  towarils  this  subject  daring  the  coarse  of  the  meeling. 

C.A.l.ong  and  J.M.Owcn  (University  of  Sas.sex.  UK)  icporled  on  their  ongoing  work  ulili/ing  a  healed  free  disk  and  ;i 
healed  disk  In  a  rotating  cavity.  'I1ie  luiinerical  soltilion  of  Fourier's  C(|uation  seem  to  correlate  with  the  c.sperlniems  although 
care  should  be  Itiken  In  the  application  to  gas  turbine  design  v/ih  modified  boundary  conditions.  F.Keilc.  U.Kadons  and 
ID.K.I  Icnnekc  (MHJ  —  Milnehen,  Gel  studied  the  transient  thermal  behaviour  of  a  compressor  rotor  uniler  simulated  engine 
conditions  with  final  tests  done  In  an  engine.  I  leal  iransfer  coefrieienis  derived  from  Owen's  et  at.  model  Ictid  to  good 
•igrecineilt  between  ealculalcd  and  measured  com|H>nenl  tciniieraluies  and  lime  cr.nslanis. 

The  devclupmenl  of  a  nutncricid  cikIc  for  the  description  of  liirbulcnl  flow  and  Ileal  It  ansfer  within  cavities  of  stationary 
and  rotating  disks  was  desci  ilrcd  by  O.Diiloya  (ONERA,  F’r).  Hie  prediction  of  pressure '.  ...vies  under  steady  flow  conditions 
iridiealcs  the  applicability  of  turbulence  modelling  to  eoinpaiable  cnnngiiralioiis. 


Combustion  Systems 

With  rising  perfin  nianee  re(|uiremunls.  the  ((iiestion  of  cumbtrsfor  liner  cooling  and  heal  iransfer  processes  within  the 
comhustor  needs  ineruasiiig  alleiilion.  D.A.Ne.dy,  .S.B.Rddcr  and  U.C  Mongia  (Allison  G;is  Turbine  Division,  US) 
presented  a  dinraclerizalion  of  the  problems  by  analysing  a  vtiricly  of  alternalc  cooling  configurations.  Siintiltancous  efforls 
to  provide  the  appropriate  backgrrMind  in  the  niamifactuiing  processes,  the  nndcrslanding  of  advai.ccd  nialerials  and  the 
iieat  Iransfer  processes  are  essential.  Heal  release  and  transfer  as  well  as  cooling  of  ihc  linear  wall  were  Ihe  subjcel  of  scvci  al 
ptipers. 

U.F.Magm.sscn  (Norwegian  Instilutc  of  Thermotlyiiiiniies,  No)  prcsenled  a  motlined  ineliiod  for  calculation  of 
eombiistion  characicrislics  and  M.G.Carvalho,  D.F.G.Durao  ami  F.C.I  .ockwood  (Insiituto  Su|Krior  rccnlco,  I’o)  weye 
primarily  cdtKeriled  willi  clclerniining  the  Ihcrinal  radiation  from  ihc  gaseous  spccit.v.  Various  aspects  such  tis  the  emillaiice 
characteristies  under  gas  Uirbiitc  operational  condiiiuns  need  furtliei  uttvniion.  B.L.liiiiion  (  I'rciil  Rulyi<  'hnic,  UK) 
addressed  the  problem  of  the  disruption  of  lliecwdhigrihnbyajcl  with  wall  plunging  whereas  O.U.Andr.ws,  A.A.Aserc, 
C.I.Hussain  and  M.C.Mkpadi  (University  of  Leeds,  UK)  oulliiicd  the  gcomeiricul  rc(|uiremenls  for  full  an  tnige 
impiiigcincnl  cooling  emphasizing  various  new  aspcis  for  the  triuisfer  to  practical  eominisioi  systems.  M,1  x  <atilty. 
IM'rouillol  and  S.Coulon  (SNEC'M  A,  Fr)  illiislriited  the  cooiing  rer|uiiements  of  aflerbiirne.  s.  riicrmogriii  Ty  was  used  in 
itnalyzing  various  pritetical  cooling  conflgtirations.  Good  ((ualitativc  comparisons  were  achieved  for  several  loling 
arrangements. 


Experimental  Technitiucs 

I  hc  iinporlaiice  of  pro|>er  insti  tmicniaiion  and  experimental  aitiily.sis  was  illustraled  by  a  relaiivcly  large  number  of 
contributions  in  (his  aiea.  Improvements  and  new  aspects  of  known  tcchnk|ucs  were  prcsenled. 

Li(|uid  Crystal  (liermoelironiie  indicators  (IVI'.Ircland  and  I’.V.Jones,  University  of  Oxford,  UK)  and  high  frequency 
response  heat  flux  gauges  (A  .U. Epstein,  G.R.Ciuenelie,  MI'I',  U.S.  and  R.J.O.Norlon,  Rolls-Royce,  UK  and  Cao  Yuzhang, 
Beijing  Institute  of  Aeronautics  and  Aslronaulics,  I’RC)  dcmonslratc  remarkable  imprirvemenls  and  broader  use  of  this 
leeliiiique  will  probably  be  found  in  coming  years.  0|)lical.  iion-inirusivo  mciisiircmenls  of  surface  temperature  and  flow 
characteristics  will  not  only  be  tip|)lled  in  laboratory  tests  bul  also  in  prololytte  engines.  Optical  pyromciry  agtiin  was  shown 
by  M.Charpeiiel  tintl  J.Wilhclm  (ONEKA,  l-r)  lobe  a  promising  tool  and  K.B.Rivir,  W.C.EIrod  (Wrighi  I’allcrson  AFB,  US) 
and  M.O.Dunii  (C'alspan,  US)  demonstrated  the  feasibility  and  liiiiitalions  of  the  Laser  'I'wo  Spot  Velociinetry  for  applicalion 
ill  short  duratiuii  Hows. 

Ilte  imporlanee  of  the  blade  tip  clearance  has  been  emphiisiz.cd  earlier,  Etrieienl  systems  for  aelive  cleartinee  control 
re<itiirc  tippropriate  sensors.  J.Paulon  (ONERA,  Fr)  dc-senbed  the  successful  dcvclopniciil  of  a  new  eaptieitivc  transducer. 

Finally,  M.N.R.Niiia  tind  G.F.Fita  (Insiituto  Superior  i  ecnico.  Fo)  discussed  the  possible  improvements  of 
compensated  fnic  wire  tliermoeouples  for  measuring  lUictuatiiig  gas  tcmperatiire.s,  a  problem  ol  longsiandiiig  importance. 
Especially  in  reaeliog  flows  exti  me  care  is  in  order. 


licBl  Exchanger 

Advanced  helicopter  engines  as  well  its  a  variety  of  other  applieations  increasiiiyly  demand  the  ineorportilion  of 
efficient  hcai  exchangers.  During  (he  course  of  the  meeling,  hisiifncienl  time  was  available  to  address  this  iinporlant  prohicm 
in  depth.  Only  two  papers  were  presented,  M.N.R.Nina  and  M.I’.N.Agtis  (Itislilulu  Superior  Tecnico.  Po)  prcsenled  a 
llleorctieal  study  on  Ihc  optimi/ation  of  cycle  pai  anicters  and  heat  exchanger  design.  In  considering  modified  cycles  also 
S.Botidigues  and  J.Fabri  (ONF.RA,  Fr)  emphasized  the  advantage',  and  design  requirements  in  utilizing  ceramics  such  us 
Silicot)  carbide  as  Ileal  exchanger  nialcrial.  Obviously,  much  work  remains  lo  he  done  in  (his  area  and  should  be  the  subject 


of  a  separate  I'liliirc  inccling. 


J  C'ONCI.USIONS  AND  KVALLIA'I  ION 

In  considering  recent  devclopineats  in  engine  design  it  is  oirvions  that  the  understanding  of  the  heat  transfer  piocc  ;s 
ill  gas  turbines  and  tlie  advancement  of  cooling  techniques  arc  crucial  cicnients  in  the  quest  for  higher  perforinance  and 
reduced  fuel  consumption  as  welt  as  for  improved  life  and  reliability.  This  Sympositim,  therefore,  was  aimed  at  the  discussion 
and  analysis  of  subjects  enneerning  ftindiimciital  and  applied  heat  transfer  problems.  In  order  to  limit  the  scope  of  the 
meeting,  heat  transfer  problems  as  related  to  icing,  bearings  and  gears  etc.  were  not  siibicci  of  the  meeting  as  those  topics 
have  been  covered  individtially  by  similar  AGAKD  meetings,  rurtherniorc,  several  topics  sticli  as  heat  exchiingcrs  were  not 
covered  in  depth. 

Induced  by  the  well  baliinccd  strueliire  of  the  program,  the  papers  as  well  as  Ihc  disctissions  were  directed  towards 
ourrent  problems.  Better  than  average  participation  by  re.  carchcrs  from  industry  was  observed,  leading  to  a  relatively  high 
level  of  ctiiTency  of  the  infortnation  exehiinged.  In  particular,  (he  need  and  opportunities  for  immediate  solutions  v/crc 
illtistraled  along  with  more  advancetl  approaches.  It  was  .shown  that: 

despite  recent  progress,  turhinc  blatle  cooling  remains  a  major  focus  of  interest.  In  particular,  questions  concerning 
the  internal  heal  transfer  need  to  he  addressed  in  depth  including  the  effects  of  rolatlosi.  rurlherinorc,  Ihc  influence 
on  the  aerodynamic  i>erformancc  of  coolant  ejection  requires  continuiitg  iilicniion, 

—  with  increasing  performance  rcquircnienis,  modified  and  even  new  technologies  will  also  have  to  be  applied  for  other 
components,  especially  the  combustor,  the  compressor  and  heal  exchangers.  Close  coopemlion  in  the  areas  of  heal 
iraiisfer  analysis,  material  sciences  and  miuitifaclttring  was  shown  to  he  crucial  for  further  dcvctopmcnl.  However,  it 
remains  to  he  seen  to  wliiil  extent  and  how  soon  newer  materials  —  ceramics,  lor  example  —  can  he  inirodiiccd, 

—  progress  in  modelling  has  itcen  made  with  llic  succc.ssful  application  of  numerical  codes  for  Ihc  prediction  of  at  least 
external  boundary  layer  fltiw.  I’robicms  sirisc  in  considering  pressure  side  flow  tinti  wake  culling  effcels, 

—  Nophislicnied  experimental  tccliniqtics  arc  of  crucial  importance  for  continuing  success.  The  henerd.s  of  the  utili/ralion 
of  steady  flow  hot  gas  ex|>eriinenis  and  of  short  duration  tunnels  were  compared.  Non-inirusive.  optical 
i.tsiruinenlation  as  well  as  miniaturised  fast  response  gauges  were  sliowit  to  hold  the  key  to  further  devclopnicnls. 
More  comparisons  of  actual  engine  tests  with  laboratory  results  mid  prediclions  would  have  been  desirable. 
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SUMMARY 

A  brief  general  background  discussion  of  turbine  heat  transfer  and  cooling  with  cunpressor 
discharge  air  ia  given  to  provide  an  introduction  for  the  papers  scheduled  for  delivery  at 
this  aeeting.  Specific  reference  is  nude  to  a  selection  of  current  research  areas  for  gas 
turbine  engine  cooling,  including  blade  tip  heat  transfer,  heat  transfer  in  serpentine 
passages,  aultiplc  jet  array  i  up  i  ngcBcni ,  hciit  transfer  in  pin  fin  arrays,  disk  hunt 
transfer,  and  fila  cooling.  An  overview  of  various  experimental  Bethods  used  to  acquire 
heat  transfer  data  is  also  given,  with  an  emphasis  on  newer  Bethods  used  to  acquire 
detailed  local  convection  heat  transfer  inforBation. 

INTRODUCTION 


It  is  interesting  to  look  over  sone  of  the  earliest  literature  about  gas  turbine  engine 
research  and  developaent  to  see  how  roMarkably  clearly  the  authors  anticipated,  and  even 
worked  on,  the  probleas  faced  still  today.  One  of  the  best  exsBples  is  the  1949  review 
paper  on  aircraft  gas  turbine  engine  research  by  Silverstein  [1).  In  a  section  entitled 
"Turbine  Cooling,"  the  following  outline  of  the  basic  aerodynaaic  and  heat  transfer 
probleas  involved  was  given:  (a)  deterainat ion  of  the  three-diaens i onal  coaprossible  flow 
of  the  gas  through  the  turhine-blade  passages,  (b)  evaluation  of  the  heat  transfer  froa  the 
gas  stream  to  the  blade  surface,  and  (c)  evaluation  of  the  heat  tronsfer  froa  the  inner 
surfaces  to  the  cooling  aediua.  In  addition,  the  article  slates  that  "nany  internal 
arrangeaents  of  the  cooling  passages  have  been  suggested  for  air-cooled  turbines,"  and 
" f 1  la* cool ing  aothods,  in  which  the  cooling  fluid  is  discharged  iround  the  blade  periphery 
by  means  of  slots  or  allowed  to  seep  through  porous  blade  walls,  have  also  been  suggested." 

Fig.l  ia  a  croas-aection  sketch  showing  o  typical  cooling  arrangement  for  a  aodern  turbine 
blade  which  eaploys  a  coabination  of  impingement  and  fila  cooling  in  the  leading  edge 
region,  serpentine  passages  in  the  aid-chord  region,  and  a  pin  fir  array  in  the  trailing 
edge  region.  Although  the  blade  shapes  have  changed  markedly  and  ^he  capability  to 
manufacture  current  coaplcx  internal  cooling  arrangeaents  was  probably  not  fore.'^een  by 
Silverstein,  current  cooled  airfoils  nonetheless  fit  his  description. 

Over  the  years  since  the  address  published  in  [1]  was  given,  the  probl*>ms  of  turbine  heat 
transfer  and  turbine  cooling  hsve  been  pursued  vigorously,  and  turbine  inlet  teaperatures 
have  Increased  steadily.  Turbine  cooling  technology  devalopaents  account  for  a  significant 
portion  of  the  resulting  powerplant  iaprovement  history  suamarir.ed  in  Fig.  2«  At  any  given 
tine,  engine  perforsance  (and  durability)  depends  critically  on  the  then  current  state  of 
turbine  cooling  technology.  For  a  given  level  of  this  technology,  turbine  inlet 
tenprruturc  and  resulting  cycle  perforasnee  cun  be  increased  only  to  a  certain  point  (Fig. 
3).  Beyond  that  point,  penalties  associated  with  the  use  of  cooling  sir  (power  required 
for  coBpression  ond  pumping,  uerodynaitic  losses  produced  when  the  cooluiit  reenters  the  hot 
gas  streaa)  overpower  the  benefits. 

The  present  probleas  of  heat  transfer  and  cooling  for  gas  turbine  engine  coaponants  are 
very  similar  to  the  stateaents  given  in  fl).  They  nre  (a)  to  know  the  external  or  hot  gas 
side  heat  transfer  in  detail,  (b)  to  know  the  detailed  coaponent  internal  heat  transfer  for 
a  variety  of  families  of  cooling  schemes,  and  (c)  to  choose  froa  among  and  within  those 
families  to  optimize  for  coabinatiuns  of  (i)  minimum  use  of  cooling  air,  (ii)  mlniaun 
interference  with  the  hot  gas  side  aerodynamics,  and  (ili)  ainlaum  component  ieaperature 
und  ieaperuture  gradient  levels. 

In  this  context  the  present  paper  deals  aainly  with  the  cooling  aide  of  turbine  heat 
transfer,  in  keeping  with  the  author^s  own  experience.  Even  with  respect  to  cooling,  the 
treataent  is  far  froa  comprehensive.  It  covers  briefly  only  some  of  the  areas  that  nre 
presently  of  interest  in  turbine  cooling.  The  coverage  is  liaited  to  experiaental  studies 
und  most  of  the  results  presented  are  those  of  the  outhor  and  his  students  and  collengues 
at  Arizona  State  University.  Thus  the  paper  ia  not  really  a  survey,  aa  the  title  laplics, 
but  is  Bore  a  sampling  froa  among  the  many  areas  that  will  be  >'overed  at  the  present 
neeting. 

BLADE  TIP  HEAT  TRANSFER 

The  clearance  gup  between  the  tip  of  an  axial  turbine  blade  and  the  adjacent  stationary 
shroud  provides  a  narrow  flow  passage  between  the  pressure  and  suction  sides  of  the  blade. 
The  clearance  .in  general  cannot  be  eliminated  altogether  because  it  Bust  accoaodate 
centrifugal  growth  of  the  blade  as  well  as  differential  theraal  expansion  between  the  blade 
and  shroud  through  a  variety  of  operating  conditions  (2). 


Tlu»  pt’imiwy  detrimental  effect  of  the  tip  leakage  flow  is  on  the  blade  acrodynonic 
perforninnce,  but  n  $tecond  important  effect  is  the  convection  heat  triinsfer  associated  with 
llie  flow*  The  surface  area  at  the  blade  tip  in  contu<*t  with  the  hot  gas  represents  ar. 
additional  ther*oal  loading  on  the  blade  which  oust  be  removed  by  the  blade  internal  cooling 
flows.  Also,  heat  transfer  rates  at  the  tip  have  recently  been  shown  to  be  very  high,  of 
the  same  order  as  those  present  at  or  near  the  airfoil  lending  edge  l^id].  As  u  result, 
blade  tips  ha/e  been  one  of  the  turbine  areas  most  susceptible  to  structural  danage. 

Damage  in  this  region,  even  if  minor,  can  have  a  severe  effect  on  turbine  performance. 

Loss  of  material  from  the  tip  increases  clearance  gap,  wliich  in  turn  Increases  both  the 
flow  aiul  heat  Irnnsfer  across  the  tip  nnd  eKacerbates  the  problems. 

Hecent  work  (5]  confirms  previous  findings  (6]  that  the  leakage  flow  through  the  gap  is 
basically  un  inviscid,  pressure-driven  flow  whose  magnitude  and  direction  enn  be  calculated 
from  knowledge  of  the  suction  and  pressure  side  pressure  distribution  alone.  Normal 
clearance  gap  heights  are,  in  effect,  small  enough  that,  the  flows  through  the  gap  are 
uncoupled  from  the  details  of  the  flowfields  on  either  side,  and  ore  largely  two" 
dimensional.  In  {5]  also  it  is  demonstrated  that  the  sinklihe  flow  entering  the  clearance 
gap  (Fig. 4)  is  composed  almost  entirely  of  mainstream  gas  drawn  directly  frun  the  hot  blade 
passage  flow,  and  that  the  convection  heat  transfer  coefficients  on  the  tip  are  little 
influenced  by  the  relative  blade-to-shroud  motion.  It  seems  reasonable  to  assume  that  this 
latter  characteristic  will  also  be  the  case  for  various  blade  tip  treatments,  and  in  [7], 
{.lationary  modeling  has  been  used  to  oKaniine  the  heat  transfer  and  flow  characteristics  of 
grooved  tip  treatments  in  detail. 

Fig.  5  shows  u  typical  set  of  local  Nusselt  numhers  from  [7}  for  n  shallow  (D/W  -  0.1) 
grooved  tip  model  (solid  lines)  in  comparison  with  values  for  the  same  flow  over  a  plain, 
ungrooved  lip  (dashed  Inn'll.  Nusselt  and  Reynolds  numbers  here  are  based  '^n  the  clearance 
gap  height.  In  general,  i ue  results  show  that  the  overall  heat  trunsier  to  the  blade  tip 
is  reduced  by  the  presence  of  a  groove.  However,  reduced  heel  transfer  levels  on  the 
groove  floor  are  substantially  offset  by  the  added  heat  transfer  area  created  by  the  groove 
side  walls.  Additional  study  of  l»lade  tip  heat  transfer  is  being  initiated  nt  Arizona 
State  I'niversily  under  a  grant  from  NASA-Lcwis  Research  Center. 

SKRPRNTTNR  COOMMO  PASSACRS 

Rudlally  aligned  coolant  channels  of  basically  rcctangulnr  cros.s  section  are  used 
extensively  to  cool  the  midchord  regions  of  turbine  blades;  these  channels  are  connected  by 
90  and  IGO  degree  turns  to  fora  nerpentine  cooling  passages  us  shown  in  Fig.  1.  Current 
trends  are  towards  increasing  numberc  of  channels  so  that  the  flow  and  heat  transfer 
characteristics  around  bends  and  lurrs  with  and  without  roughened  walls  is  of  high  current 
intetost  (8-12).  It  is  well  known  tliat  both  the  nature  of  the  flow  and  the  associated 
conve<rlion  heat  transfer  are  usually  significantly  altered  in  nnd  around  the  turn.  In 
general,  the  centrifugal  forces  present  in  a  turning  flow  induce  secondary  flows  which  have 
the  effect  of  luigmcnting  heat  transfer  in  the  slreumwise  direction  and  creating  ur.imulhal 
variations  in  heat  transfer. 

Fig.  6  shows  the  very  sharp  IRO  degree  teat  geometry  used  in  [8]  nnd  [12],  nnd, Fig.  7  shows 
typical  regional  (Nu^)  heal  transfer  results  on  upper,  lower,  and  aide  walls.  Here  W*  = 

Wj /W^  ,  \\*  ■  H/(W^^W^),  and  0*  “  D/CW^^W^).  Reynolds  and  Nusselt  numbots  are  bnsed  on 

channel  hydraulic  diuineler.  Azimuthal  average  heat  iransfor  rntca  (Nu^)  increase  mnrkedly 
through  the  turn,  with  the  highest  values  for  this  particular  geometry  occurring  downstreom 
of  the  turn.  The  sidewall  bent  transfer  rates  change,  in  u  relatively  short  distance,  from 
significantly  lower  to  significantly  higher  than  the  top/bottom  wall  rates. 

Fig.  fl  shows  soa<f  very  recent  results  for  <i  90  degree  turn  in  ft  re<.tnngul  er  cross  -sectioned 
channel  with  out  s  i  de/i  ns  i  do  radius  ratio  of  2:0  and  a  3:  1  section  aspect  ratio.  The 
channel  is  r  lb  -  roughened  on  both  long  sides  us  !?hown  in  the  sketch  of  the  test,  section. 

The  general  increase  in  heat  transfer  level  as  the  flow  proceeds  through  the  turn  would  be 
expected  to  be  the  result  of  either  or  both  the  sccondory  flows  associated  with  the  turn 
and  the  developing  flow  disruption  caused  by  the  ribs*  Rib  roughness  cnhoncement  of  heat 
transfcM*  u.sunlly  develops  fully  after  only  n  few  rib  spacings,  so  the  turn  itself  is 
evidently  respon.sible  for  the  continuing  enhancement  in  this  geometry.  However,  the 
Niisselt  number  enhancement  here,  from  the  beginning  to  the  end  of  the  turn,  is  considerably 
greater  than  the  20~Z6%  observed  in  the  same  turn  with  smooth  walls  [12],  Thus  it  appears 
that  the  turn  and  the  ribs  are  mutually  compl iaentury  in  producing  u  relatively  large 
enliancemeiit  of  heut  transfer.  The  same  conclusion  is  reached  whether  or  not  ribs  are 
prusent  in  the  straight  upstream  and  downstrenm  chniinelu  (not  shown)  on  either  side  of  the 
I  he  test  section. 

It  .should  be  noted  that  rotation  can  signi  f  icnntly  influence  the  bent  transfer  in 
serpentine  passages  used  to  cool  the  rotating  turbine  blades,  and  that  this  is  a  topic  of 
considerable  current  attention  which  will  be  addressed  by  severol  authors  at  the  present 
meet ing . 

.JHT  ARRAY  IMPINGEMENT 

Fig.  9  dcpicia  •*  turbine  uirfoil  which  utilizes  jet  arrnry  impingement  for  midchord  region 
cooling.  The  Jet  flow,  after  impingement,  is  constrained  to  exit  in  u  single  direclioti 
along  the  (.hnnnel  formed  by  the  perforated  insert  nnd  the  uirfoil  s^eJl.  This  cooling 
acheac  hns  received  attention  for  a  number  of  years  [13-15].  However,  in  addition  to  the 
crossflow  which  originatea  from  the  jets  following  impingement,  un  initial  crossflow  may  be 
l»resent  from  irapingenenl  air  used  to  cool  the  lending  edge  region  [16].  The  temperature  of 
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the  orossflow  in  (general  will  be  different  than  the  jet  array  tenperaturc,  leading 

to  a  coDplex  three-tciaperaturc  situation  with  aany  siailarities  to  the  three- teaperat ure 
probleas  encountered  in  film  cooling. 

Thia  three-teapereturc  prohlea  has  been  studied  entensively  at  Arizona  State  University 
over  the  past  several  years.  The  appropriate  fluid  driving  potential,  t,^,  can  be 
expressed  in  teras  of  a  non-diaeiisional  ef fecliveneas  for  use  with  corresponding  Kusselt 
nuabers.  Pigs.  10  and  11  show  typical  results  from  116).  Here  effectiveness,  although 
resolved  in  the  atr.*aawise  direction,  is  defined  in  tcras  of  the  initial  crossflow 
tenperature  at  the  upstreua  end  of  the  army.  Husseli  nuabers  are  based  on  the  jet  hole 
diaaeter,  which  is  unifora  over  the  entire  array. 

The  geoBetries  covered  by  Figs.  10  and  II  represent  entirely  different  effects  of  the 
initial  crossflow  on  array  heat  transfer.  The  Fig.  10  configuration  is  one  that  results  in 
a  highly  non'-uniforn  jet  flow  distribution  in  the  array,  with  auch  larger  Jet  velocities  at 
the  downstreaa  end  of  the  array  than  at  the  upstreaa  end.  For  this  case  the  effect  of 
initial  crossflow  can  doainate  (7  ^  1)  acre  than  halfway  through  the  array*  This  doainance 
can  also  be  seen  in  the  Nusselt  profiles  which  remain  essentially  at  their  upstream  initial 
crossflow  channel  levels  well  into  the  array.  In  contrast,  the  Pig.  11  configuration  is 
one  which  has  a  nearly  unifora  Jet  flow  distribution.  Here  7  has  dropped  significantly  at 
the  first  or  second  row.  Sinilarly,  the  strong  inmediate  influence  of  the  jets  is 
reflected  in  a  very  large  increase  in  Nusselt  values  ut  the  first  or  second  row  of  Jets. 

This  infornation  on  7  and  Nu,  If  converted  to  heat  fluxes  for  prototype  conditions,  imply 
that  local  cooling  rate  predictions  within  the  arroy  could,  in  aany  cases,  easily  be  in 
urror  by  100%  or  aore  depending  on  the.  designer's  guess  in  the  absence  of  such  inforaation. 
There  is  evidence  that  unacceptable  levels  of  design  uncertainty  for  Jet  arrays  with 
initial  crossflow  have  existed  in  practice,  and  that  premature  failures  of  impingement 
cooled  airfoils  have  been  the  result.  This  is  unfortunate,  since  the  Jet  array  cooling 
scheac  is  very  high  perforning  from  a  heat  transfer  point  of  view,  and  offers  great 
otential  for  tailoring  internal  heat  transfer  coefficients  to  match  local  variations  in 
xternal  heat  transfer  to  the  cooled  component.  Work  is  ongoing  [17, IB]  to  provide 
information  thut  will  support  the  deolgn  of  tailored  non'^uniform  arrays. 

PIN  FIN  ARRAYS 

Pin  fin  arrays  find  frequent  application  aa  augmentation  devices  in  the  airfoil  trailing 
edge  region,  as  in  the  blade  of  Fig.  1.  The  pin  height  in  these  applications  is  typically 
the  order  of  the  pin  diameter.  They  represent  an  intermediate  case  between  the  long 
cylinder  tube  hank  case  where  essentially  all  of  the  heel  transfer  area  is  on  the 
cylindrical  surfaces  of  the  tubes,  and  the  plnte-fin  heat  exchanger  surface  case  where  most 
of  the  area  is  on  the  plates  or  end  walls.  Considerable  information  exists  for  both  of 
these  e.xtremes,  but  neither  case  correctly  predicts  heat  transfer  for  the  gas  turbine 
cooling  application. 

Recently,  a  number  of  papers  have  appeared  directed  specifically  at  providing  the  needed 
information  (19-23).  Continuing  emphasis  is  on  the  acquisition  of  streamwise  resolved  heat 
transfer  and  pressure  loss  coefficients  for  a  variety  of  candidate  geometries,  including 
pins  with  cross  sectional  shapes  other  than  circular.  Similar  to  the  situation  with  Jet 
army  impingement,  pin  fin  arrays  with  non-uniforn  pin  spacing  and  size  offer  potential  for 
tailoring  the  internal  augmentation  to  match  the  local  character  of  the  external  heat  load. 

Figs.  12-14  show  some  recent  results  from  [24]  for  three  different  pin  fin  arrangements.  In 
all  three  cases  the  pins  are  located  in  a  staggered  pattern,  with  spacing  in  the  streamwise 
direction  ^qual  to  one  and  one-half  pin  diameters,  and  in  the  transverse  direction  equal  to 
two  and  one-half  diameters.  Nusselt  nuabers  and  Reynolds  numbers  are  based  on  pin 
diameter,  and  the  Reynolds  number  in  all  cases  is  20,000.  Nusselt  numbers  are  spanwise 
average  values,  resolved  to  one  row  spacing.  Fig.  12  is  on  arrangement  with  pins  attached 
only  to  one  side  of  th<  channel,  oxtending  two'thirds  of  the  way  across.  In  on  actual 
application  some  of  the  pins  would  have  to  be  extended  all  of  the  way  across  for  structual 
reasons,  but  these  results  give  n  feel  for  the  differential  between  top  nnd  bottom  heat 
transfer  thut  could  he  established. 

Fig.  13  is  the  standard  staggered  pin  arrangement,  with  smooth  channel  walls  between  the 
pins.  The  results  display  the  characteristic  observed  in  [Id]  with  heat  transfer  rates 
peaking  at  about  the  third  to  fifth  row,  followed  by  a  gradual  decline.  Fig.  14  is  the 
same  arrangement  as  in  Fig.  13,  with  the  addition  of  staggered  transverse  roughness  ribs  as 
shown.  Heat  transfer  rates  are  significantly  higher  than  those  of  the  smooth  wall  case; 
and,  in  fact,  the  arrangement  shown  in  Fig.  14  is  one  of  the  highest  heat  transfer 
performing  pin  fin  arrays  yet  observed. 

RISK  HEAT  TRANSFER 

Convection  heat  transfer  on  the  faces  of  turbine  and  compressor  disks  remains  an  important 
problem  in  turbine  heat  transfer  despite  several  decades  of  work 

in  an  effort  to  gain  an  understanding  of  the  phenomena  and  to  provide  the  designer  with 
useful  inforaation  [25-30].  The  designer  ia  forced  to  vent  cooling  air  through  the 
cavities  adjacent  to  the  disks  in  an  attempt  to  control  the  disk  growth  nnd  thus  the 
clearance  gaps  at  the  blade  tips.  In  the  turbine  stages,  the  vented  flow  alno  helps  to 
prevent  the  ingestion  of  hot  blade  passage  gases  into  the  cavities  'where  it  can  directly 
heat  the  disks. 
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Heut  transfer  coefficients  between  noraolly  vented  ceding  «ir  and  the  rotating  disk 
surfaces  are  usually  relatively  low  coapared  with  those  achieved  in  other  cooled 
T^oaponeuts,  Jet  iapingeaent  of  air  directly  onto  the  disk  can  enhance  heat  transfer,  and 
thus  has  the  pot'-'tial  for  reduction  in  requi'^ed  coolant  flow.  However,  jet  iropingeaent  of 
turbine  disks  has  been  applied  infrequently  in  practice,  and  only  very  few  studies  have 
been  published.  One  early  study  [31]  of  an  actual  Jet  cooled  turbine  reported  enonalies 
where  heat  transfer  under  soae  conditions  unexpectedly  decreased  with  increasing  disk 
speed.  Such  behavior  is  possibly  related  to  the  flow  regime  transition  reported  in  [32]. 
This  transition  phenosena  was  observed  with  flow  visualisation  over  a  large  range  of 
combinations  of  jet  flow  rates,  disk  speeds,  and  impingement  radii,  and  it  appears  to 
separate  a  ^o^e  of  impingement  dominated  behavior  from  a  rotationally  dominated  zone.  Fig. 
15  shows  the  correlation  of  observed  transition  conditions  in  terms  of  the  ratio  of  jet 
flowrate  to  rotationally  induced  disk  pumping  flow.  Higher  rotational  speeds,  larger 
impingement  radii,  and  smaller  jet  flowrates  favor  a  flow  pattern  which  appears 
rotationally  dominated  whereas  the  opposite  trends  favor  an  impingement  dominated 
interaction. 

Corresponding  heat  transfer  rates  are  essantially  independent  of  Jet  flowrate  in  the 
rototionally  dominated  regime,  but  increase  strongly  with  Increasing  flowrate  in  the 
impingement  dominated  regime.  Fig.  15  also  shows  that,  in  terms  of  this  correlation,  the 
location  of  the  anomalous  results  of  [311  arc  within  the  transition  zone.  Other  results 
presented  in  [31]  were  strongly  in  the  impingement  dominated  zone  and  did  not  exhibit  the 
unonalous  behavi or . 


Fig.  16  presents  results  from  [33]  showing  how  heat  transfer  coefficients  increase  as  jet 
flowrate  is  increased  through  the  rototionally  dominated  regime  into  the  impingement 
dominated  regime.  The  heat  transfer  sensing  area  was  a  narrow  annulus  at  the  rim  of  the 
disk,  and  tests  were  run  with  four  different  disk  face  contours  as  shown.  The  most 
noticeable  characteristic  of  the  results  is  the  lack  of  almost  any  effect  of  face  contour. 
The  Nusselt  numbers  arc  relatively  independent  of  Jet  flow  at  values  of  the  flowrate  ratio 
below  about  0.1.  At  Jet  flow  rates  larger  than  this,  Husselt  numbers  increase  strongly. 

For  the  designer,  those  results  indioete  that  rotating  disk  heat  transfer  rates  can  be 
increased  significunlly  if  enougli  cooling  air  is  uvnilabl*;  for  impingement  through 
individual  jetx .  Conversely,  some  disk  cooling  schemes  tried  in  the  past  may  have  been 
inuffective  because  many  jets  with  small  invlividual  flowrates  were  used, 

FILM  COOLING 

Film  cooling  is,  wUli  little  doubt,  Ihe  most  complex  subject  in  the  entire  turbine  cooling 
field.  It  is  al.so  one  of  the  most  important  subjects  since  it  appears  unavoidable  tha^ 
more  and  more  film  cooling  is  required  us  turbine  inlet  temperatures  continue  to  rise.  To 
all  the  phenomena  present  in  the  main  gas  flow  and  its  boundary  layers,  film  cooling  adds 
the  fluid  dynamical  influences  of  injection  on.l  the  imposition  of  another  temperature, 
creating  a  three^temperature  problem.  Actually,  the  three-temperature  representation  is 
only  an  approximation,  the  complete  problem  is  a  multi'temperiiture  one. 

Current  interest  and  activity  in  film  cooling  is  high,  and  currei t  topics  of  investigation 
include  the  ohupe  of  Injection  sites,  effects  of  surface  roughness  and  curvature,  effects 
of  density  differences  between  main  and  injected  flows,  persistence  of  the  film  in  highly 
three-dimensional  flows  and  over  and  around  obstacles,  and  more  (34-39).  Many  methods  have 
been  developed  to  acquire  information  about  film  cooling  performance;  and  sometimes  quite 
heated  arguments  ure  heard  about  the  choice  of  the  "correct"  method.  Consistency  is 
sometimes  shown  between  separate  sets  of  results,  but  more  often  than  not,  and  especially 
recently,  each  investigators  reoults  ore  presented  on  their  own,  with  little  comparison  to 
the  results  of  others.  This  situation  is  understandable,  given  the  number  of  variables 
that  influence  the  results;  seldom  is  there  close  correspondence  between  conditions  of  two 
different  exper  imeiits .  It  is  therefore  relatively  easy  to  rationalize  differences  between 
only  Homewhal  slnilar  sets  ot  results;  and  this  situation  ia  compounded  by  the  proprietary 
nature  of  much  of  the  current  work. 


Nf^vcrthol  CRS ,  it  is  thi»  author's  opinion  that  there  remain  fundanentHl  and  not  widely 
apprccintod  differences  between  film  cooling  results  acquired  with  differing  exp^riroental 
methods  (even  without  the  complications  of  large  temperature  difference  and  density 
gradient  effects),  and  that  these  can  lead  to  appreciably  different  performance  predictions 
when  the  results  nre  interpreted  in  design  terms.  Such  differences  are  probably  not  very 
important  far  from  the  injection  sites,  but  as  more  and  more  film  cooling  ia  used,  the 
near i n jeel i on  region  grows  in  importance. 

Consider  the  heat  flux  on  an  isothermal  film  cooled  wall  written  as  a  three-temperature 
problem  [40] : 


r . . 


C„/A  ^  fc  (t^  -  t^)  +  f^(t,,  -  t^,)  (1) 

Here  f^  and  ure  influence  functions,  and  f^^  rnn  be  thought  of  as  the  heat  transfer 
coefficient,  h^ ,  (based  on  (he  wal 1 -mninst ream  tempurnture  difference)  when  the  coolant* 
mninntreum  tnmpernt  ure  difference  is  zero,  A  corresponding  two-- 1  empcrul  ut  c  description  can 
he  written  foi’  tie  name  surface  und  mainstreom  conditions,  but  without  injection- 

Qw,/A  -  h,,  Cl„  I,)  (2) 

This  wi I hou t - in ject ion  condition  aiglit  represent  the  surface  with  injection  sites  present, 
out  witli  no  injection  flow;  or,  it  might  represent  the  solid  surface  without  injection 
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Thi*;  i  nl  oi'|*ro  t  »U  i  on  of  ,  usually  used  is  the  first,  hut  the  second  interpret  at  i  on 
is  the  Borc  lo;(ical  one  for  design. 

Rationing  (1)  and  (2)  for  the  suae  wall  tenperature  yields: 

♦  =  (3) 

where : 

^  =  Om/®uii  t-he  ratio  of  film  cooled  flux  (4) 

to  iinhlown  wall  flux  at  the  sane 
Mainstream  and  wall  conditions 

"  (^c  -  -  t.)  (5) 

There  will  be  a  value  of  the  isotherraal  well  tenperature  (the  reference  temperature 
at  which  the  net  surface  heat  flux  will  be  zero*  Using  this  tenperature*  (3)  becomes: 

♦  =  #0  -  ®*  (6) 

whore : 

O'rrf  =  (‘c  -  -  t.)  (7) 

#0  =  ho/hwi  (8) 

Fig.  17  shows  the  graphical  interpretation  of  (6)  for  a  particular  situation.  The  absci.ssu 
intercept  represents  the  non-'diaens ional  reference  teaperature  with  filn  cooling  present. 
This  value  can  range  froa  zero  to  infinity.  *  The  ordinate  intercept  represents  the  ratio  of 
film  cooled  to  unblown  wall  flux  when  the  coolant  teaperature  equals  the  aairtstreaa 
lenperature.  This  can  also  be  viewed  as  the  purely  aerodynaaic  effect  that  coolant 
injection  has  cn  convection.  The  horizontal  dashed  line  represents  the  corresponding 
unblown  wall  case.  Thus,  plots  like  Fig.  17  give  o  visual  comparison  of  film  cooling 
PGrforaance  with  unblown  wall  perforaance.  For  the  particular  case  shown,  film  cooling 
enhances  the  thernal  transport  properties  and  the  two  curves  nust  cross  somewhere  within 
the  likely  design  region.  Design  points  to  the  right  of  the  crossover  point  will  obtain 
the  reduction  in  heat  flux  that  is  noraally  assuaed  to  occur  with  film  cooling.  Design 
points  to  the  left  of  the  crossover  will  experience  an  increase  in  wall  flux  due  to  the 
presence  of  film  cooling.  Such  increns'»s  are  definitely  possible,  especially  in  multiple 
hole  film  cooling  where  the  acrodynaaii:  traiisfer  capability  is  enhanced  by  injection  and 
the  fila  coverage  in  soae  locations  is  relatively  poor. 

The  a i ni 1 ar i t t es  between  traditional  fila  cooling  effectiveness:  9i  and  the  inverse  of 

have  been  noted  (41]  and  the  two  teraa  have  at  tiaes  been  used  interchangeably.  In 
oultiple  hole  film  cooling  such  Interpretations  can  lead  to  errors  in  design  predictions. 

As  a  closure  to  this  sectioni  Fig*  IB  presents  a  coaparison  froa  [40]  of  one  situation 
where  suitable  adlnbatirally  obtained  and  isotheraslly  obtained  fila  cooling  results  wie 
available  under  otherwise  quite  siaklar  circuastances  [42,43].  Both  studies  use  the  seae 
hole  spacing  and  the  sane  coapuund  injection  angle.  In  [42]  local  effectiveness  data  was 
obtained  on  an  adiabatic  surface,  us  well  as  regionally  averaged  heat  transfer  data  on  an 
isothermal  surface.  In  (43]  regionally  averoged  heut  transfer  data  was  obtained  on  an 
isothermal  surface. 

Fig.  IB  coBpares  results  at  the  fifth  injection  row.  Both  sets  show  similar  aerodynamic 
increases  in  best  tronsfer  capability,  but  the  inverse  of  ^  r  f  averaged  value  of  7 

are  not  in  good  agreement.  In  any  present  design  application  of  film  cooling  information, 
averaging  is  necessary.  It  is  this  averaging  of  local  information,  what  to  average,  how  to 
average,  and  how  to  acquire  test  information  that  can  be  used  easily  and  properly  in 
design,  that  is  of  concern. 

experimental  methods 

The  pressure  I'or  more  detailed  design  information,  for  better  understanding  of  the 
phenomena,  and  for  detailed  results  to  conpare  with  computational  efforts  all  drive 
experimentalists  to  seek  more  localized  heat  transfer  informaticn.  It  therefore  seems 
appropriate  here  to  review  some  of  the  more  common  techniques  used  to  acquire  such  data. 
Only  the  most  widely  used  methods  will  be  discussed;  a  more  complete  review  is  available  in 
[44]. 

The  most  common  method  used  to  determine  heat  transfer  coefficients  on  localized  regions  of 
a  convcctively  cooled  surface  is  to  thermally  isolate  degnents  of  the  surface  and  apply  a 
known  amount  of  electrical  power  to  each  segment  through  attached  electric  resiutance 
heaters.  Usually  control  is  provided  for  each  segment  heater  so  that  a  desired  overall 
surface  thermal  boundary  condition  (commonly  isothermal)  can  be  established.  By  measuring 
segment  surface  temperatures  and  associated  fluid  tempe'raturea ,  heat  transfer  coefficients 
arc  determined  [16].  The  necessary  finite  size  of  the  segments  and  heaters  dictates  that 
the  measured  coefficients  are  always  regional  averages,  rather  than  true  local  values, 
although  quite  fine  resolution  can  be  achieved  with  this  method  [45]  if  the  expense  can  be 
just i f ied . 

Electric  heating  of  the  surface  can  also  be  effected  by  passing  current  directly  through 
the  sttrface  material,  without  the  use  of  separate  beater  elements.  If  electrical 
resistivity  varies  only  slightly  with  temperature,  a  nearly  uniform  heat  flux  thermal 
boundary  condition  can  be  established.  Thermocouple  or  radiometer  measurements  are  used  to 
determine  local  strip  temperatures  and  fine  resolution  of  local  heat  transfer  coefficients 


is  possible  (46,47).  A  variation  on  this  same  nethod,  ourrnntly  uHod  freqvi^nbly,  is  bo 
overlay  the  heating  surface  with  a  thin  layar  of  encapsulated  liquid  crystals.  The  liquid 
crystals  allow  visual  determination  of  the  surface  tenperutures  and  contours  of  constant 
heat  transfer  coefficents.  Quite  accurate  and  localised  determinations  of  the  heat 
transfer  coefficients  are  possible  [48]. 

In  recent  years,  aass  transfer  Methods,  principally  the  subliaation  of  naphthalene,  have 
been  used  to  deterninc  both  average  end  local  convective  heat  transfer  coefficients  [49] > 
Average  coefficients  ure  determined  by  weighing  the  naphthalene  surface  or  surface  segment 
before  and  after  exposure  to  the  air  stream.  Local  coefficients  are  determined  by 
aensuring  the  local  depth  of  sublined  surface  with  o  prof i 1 oaeter .  By  using  sicroprocossur 
control  to  automate  data  acquisition,  highly  detailed  and  accurale  heat  transfer 
coefficient  maps  over  a  surface  can'  he  obtained  [50], 

finally*  various  typee  of  heat  flux  gages*  for  example  thin  foil  and  Cardon  types*  have 
been  used  for  convection  heat  transfer  studies.  Although  good  resolution  of  local  heat 
transfer  coefficients  can  be  achieved,  tUc  expense  and  complexities  of  multiple  gages 
usually  precludes  highly  detailed  napping  of  coefficient  di stribut iona.  This  same  issue  of 
expense  and  complexity  exists  in  many  instances  with  other  methods  discussed  here  as  well. 

In  particular,  as  the  surface  geometry  of  interest  becomes  more  complicated,  the  difficulty 
an  expense  of  determining  local  surface  heat  transfer  coefficients  through  application  of 
electric  heaters  or  profile  measurements  of  of  a  subliming  surfac:e  increases  markedly.  In 
many  cases,  a  particular  technique  becomes  essentially  impossible  to  apply.  P.ven  if 
posbible,  it  nay  be  prohibitively  expensive  to  instrument  more  than  a  single  fixed  test 
geometry,  so  that  the  sysi.cmatic  effects  of  geometry  changes  cannot  be  studied. 

A  relatively  new  method  which  is  relatively  inexpensive  and  convenient,  and  which  appears 
to  be  applicable  to  even  the  most  irregular  surfaces,  is  a  technique  employing  melting 
point  surface  coatings.  Tn  this  method  the  surface  of  interest  Is  sprayed  with  a  thin 
layer  of  material  having  a  precise  melting  point  temperature  that  can  be  visually  observed 
[51,5?].  A  transient  test  is  conducted  where  the  surface  is  exposed  to  a  heated  air  flow 
and  melting  times  at  each  point  on  the  surface  ere  recorded  and  related  to  the  heat 
transfer  coefficients  nt  those  points.  The  capability  of  the  method  for  obtaining  highly 
detailed  accurate  heat  transfer  coefficient  maps  has  recently  been  demonstrated  [12]. 
figs.  19  and  20  show  examples  of  this  method  applied  to  a  sharp  100  degree  turning  flow. 

CLOSURE 

The  preceding  discussion,  although  fur  from  complete,  should  serve  to  introduce  wh&t  many 
of  the  papere  of  the  present  meeting  will  elaborate  op;  namely,  that  what  must  be  dealt 
with  in  turbine  heat  tronafer  in  general  are  convection  problems  with  extremely  complex 
flowfields.  The  highly  three-dimensional  and  highly  turbulent  nature  of  moat  turbine 
cooling  situations,  in  meny  instances  including  separation  and  recirculating  flow  zones, 
has  so  far  kept  the  methods  of  computet  tonal  fluid  dynamics  from  being  used  extensively  in 
direct  cooled  turbine  component  design.  In  this  oliunte,  experinenial  results  remnin  the 
foundation  for  design;  and  this  paper  has  attempted  to  describe  some  of  the  many  efforts 
underway  to  provide  designers  with  information  needed  for  continued  improvement  in  turbine 
performance  and  durability. 
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DISCUSSION 


(i.M.niheliu.v,  Gc 

You  liuvo  niif^vO  tlicqucsiion  of  wlicllivt  oiMiliiigof  lolaliiig  discs  by  single  jcis  iuis  been  applied.  One  reason  why  tills 
lias  nut  been  the  ease  is  tile  cyclic  cliaiiges  rroinciKiting  to  heating  and  to  eouling  again.  At  least  at  the  stiriace  this  might 
cause  fatigue  by  lliernial  stresses. 

Author's  Reply 

Your  point  is  well  ttiken  iiiid  this  may  iiuleed  be  a  problem  with  siieli  applications.  However,  iity  inipressioii  is  that  some 
early  failures  with  jet  cooling  on  rotating  parts  were  associiited  with  failure  to  achieve  the  time-averaged  heat  iransfei 
levels  expected. 


D.K.lleiineekc,  (ie 

Yot'r  I  .Sir-turn  channel  has  ss|oarc  corners.  In  many  actual  turbine  blades  one  user  round  eoriiei  s  to  reduce  the 
pressure  loss.  l.3o  you  Ihiiik  llial  the  large  increase  in  heal  transfer  you  measured  would  be  smaller  with  a  round  corner',’ 

Aulliur'.s  Reply 

We  have  measureil  ihe  effect  of  rounded  corners  on  the  pressure  loss  in  these  )  SO”  turns  (Uef.S).  Such  rounding  has 
only  a  very  small  effect  on  pressure  loss  and  on  the  overall  flow  piillerns  which  we  have  investigated  through  .surface 
stieamliiie  visuali/<alion.  'I'herefore  I  expect  Ihiil  the  kirge  overall  rise  in  heal  transfer  that  we  nieasiire  would  tdso  he  the 
case  with  rounded  corners.  Of  course,  severe  rounding  of  (he  entire  cliannel  hy  use  of  .1  relatively  thicker  centre  dividing 
rib  would  be  expected  to  Itave  an  effect.  In  Ihe  prcsciu  case  we  do  expect  that  rounding  of  the  upstream  cnriicr  would 
eliminate  01  leduec  the  stalled  How  /one  in  that  corner  winch  eontribiiies  to  low  heal  transfer  on  the  side  wall  in  that 
region, 


K.L.C.Ciiliek,  US 

(I  .scents  that  in  general,  tinsleiidiness  In  the  flow  field,  whether  i>  he  tissoeiaicd  with  scpiiruiioii.  turbulenec,  or  acoustical 
motions,  has  striking  effects  on  surface  heat  iriilisfer  rate.s.  In  your  expeiimenfal  work  do  you  make  measiiremcms  of 
uiisieasly  iiioiiom/.'  I  liave  in  I’.tind  partieularly  the  possibility  of  forming  a  more  eohereni  pieliire  and  umlersiainling  of 
diverse  plieiiomena  by  using  some  measurefs)  of  unsteadiness  in  the  flow. 

Anihor's  Reply 

The  nieasiiiemenl  ol  nnslead)'  '11(111011  is  the  exception,  rather  than  the  rule,  in  imeriial  cooling  ehamiel  heal  Iransler 
iiivesligalions.  There  is  no  (|uesli(iti.  however,  that  such  motions  are  iinportunl  to  the  eonveclion  Intai  transfer.  In  our 
lahoralory  wo  oeeasionally  use  hot  wire  and  I  .DA  in  liiiiiled  atleinpis  to  I  elp  us  uinlerslaiid  Ihe  ohserved  heal  Iriuisfer 
hehavioiir.  For  e.xaniple,  we  have  found  in  pin  fin  arrtiys  that  the  peaking  of  row-averaged  heal  transfer  at  about  the 
third  to  fifllt  row  is  associated  with  a  peaking  and  subsc(|uent  deesiy  of  the  liirhulence  inleiisily.  Miieli  more  detailed 
mapping  of  the  turhulcuee  c'ittracleristies  in  internal  cooling  flows  will  he  required  lor  efforts  to  predict  such  flows 
numerically.  There  is  it  start  on  iTiis  work  in  various  pltiecs.  For  e.xample,  lurhtiicnt  motions  have  been  measured  in 
deltiil  h,r  ISO'  turns  of  reeiiinguliii  eioss  section  (turns  with  niodcriile  radius  ratio  anil  no  separation)  at  UMIST.  UK 
and  IK'lf,  USA. 
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SllFftlARY 

This  paper  reviews  the  effect  of  rotation  on  the  heat  transfer  in  a  complex  3D 
multi-pass  turbine  blade  cooling  geometry.  Ilie  test  rig.  the  experimental  technique  and 
the  initial  results  are  discussed  in  detair. 

Basic  checks  at  zero  rotational  speed  showed  good  agreement  with  data  obtained 
earlier  on  this  model  using  an  alternative  transient  technique.  Rotation  was  shown  to 
have  a  significant  effect  on  the  heat  transfer  distribution  (^30*)  which  when  averaged 
over  the  gas  washed  surfaces  showed  a  reduction  to  90X  of  the  static  value.  The  effect 
of  these  changes  on  the  blade  predicted  metal  temperatures  and  lives  are  also  reviewed. 

Investigations  are  continuing  to  fully  evaluate  the  Implications  of  both  Coriolis 
and  buoyancy  effects  on  the  heat  transfer  distributions  in  these  complex  3D  geometries. 


A.  E  &  C 


Nu  =  hjft 
k 

Nu_ 


n  .  D 

Rc  =  jf  ^ 

RO  e  JlD 

IT 

St  =  h 

(n/Ai  Cr 

T 


At  a  Tw-Tg 


constants 
area  (m^) 

specific  heat  (J/Kg  °K) 
characteristic  dimension  of  passage  (m) 
wall  thickness  (m) 

acceleration  due  to  gravity  (n/sec*') 
heat  transfer  coefficient  (w/ra  K) 
Rotational  Reynolds  number 
Thermal  conductivity  (w/m  K) 
mass  flow  (Kg/sec) 

•leat  flux  (w/m^) 

Nusselt  Number 
mean  Nusselt  Number 
Nusselt  Number  at  zero  rpra 
Prandtl  Number 

rotational  Rayleigh  Number  kSI^jQ  d^  ( 

^  y2 

Reynolds  Number 
Rossby  Number 
Stanton  Number 
Temperature  (K) 
gas  temperature  (K) 
wall  temperature  (K) 
temperature  difference  (K) 
time  (seconds) 
mean  velocity  (m/sec) 
distance  to  wall  (m) 


GREEK. 

SYMBOLS 

qC  “ 

k 

dijffusivity  (ro^/scc) 

V  = 

n 

/JCp 

volume  expansion  coefficient 

kinematic  viscosity 

dynamic  viscosity 

angular  velocity  (RAD/ sec) 

density  (Kg/m^) 

INTRODUCTIOM 

The  major  ga-i  turbine  aero  engine  manufacturers  provide  a  range  of  engines  to  meet 
the  differing  requirements  for  the  civil  airline  and  military  markets.  The  airline 
requirement  demands  engines  with  good  specific  fuel  consumption  and  long  turbine  blade 
lives,  whilst  militarv  engines  generally  operate  with  high  thrust  to  weight  ratios  and 
therefore  at  higher  turbine  entry  temperatures  (TET).  In  order  to  satisfy  these 
objectives  the  cooling  air  to  the  turbines  needs  to  be  used  in  the  most  efficient  manner, 
and  to  do  this  the  heat  transfer  on  both  the  cooling  side  and  hot  gas  side  need  to  be 
fully  understood. 

Cooling  techniques  have  changed  markedly  over  the  past  three  decades.  This  is 
reflected  in  the  varia;ion  of  TET  over  this  period  shown  in  Fig.  1.  Early  cooling 
methods  were  rudimentary  whereby  air  was  passed  through  hollov;  blades,  this  was 
subsequently  refined  to  groups  of  small  radial  passages  with  cooling  air  flowing  from 
root  to  tip.  The  iiM^zle  guide  vanes  from  these  engines  generally  incorporated 
fabricated  metal  inserts  which  cooled  the  component  with  a  combination  of  impingement 
and  convective  cooling  flows.  Over  the  past  decade  significant  improvements  accrued 
from  the  introduction  of  film  cooling  together  with  complex  internal  cooling  passages  on 
both  blades  and  vanes. 

In  the  past  mucli  effort  was  directed  at  measuring  and  understanding  the  iiot  side 
heat  transfer,  but  only  rudimentary  studies  v;ere  carried  out  on  typical  internal  cooling 
geometries.  Thin  was  b(;cause  on  simply  cooled  blades  a  large  error  in  internal  heat 
transfer  coefficient  had  only  a  small  effect  on  blade  metal  temperature.  However,  since 
more  heat  is  removed  by  the  modern  cooling  systems  than  their  predecessors  it  becomes 
necessary  to  determine  more  accurately  the  internal  as  well  as  external  heat  transfer 
coefficients.  This  t.iay  be  appreciated  when  it  is  realised  that  a.  given  percentage  error 
in  ttie  internal  heat  transfer  coefficient  corresponds  to  3  times  the  error  in  blade  metal 
temperature  on  tlie  more  sophisticated  system,  and  any  such  crior  has  a  significant  effect 
on  turbine  life. 

An  experimental  technique  was  developed  jointly  by  R-R  and  Oxford  University  (Ref.  1) 
to  enable  the  heat  transfer  distributions  on  complex  geometries  to  be  accurately  and 
comprehensively  measured  under  scaled  static  conditions.  At  the  same  time  work  by  Morris 
and  Ayhan  on  circular  ducts  (Refs  2  and  3)  and  more  recently  by  Clifford,  Morris  and 
Harasgama  on  triangular  ducts  (Ref.  4)  indicated  that  rotation  can  significantly  change 
the  heat  transfer  distribution  obtained  statically  in  simple  ducts.  These  studies 
suggested  that  the  Coriolis  and  centripetal  components  of  acceleration  would  influence 
the  heat  transfer  in  the  complex  multi-jjass  cooling  geometries  employed  in  turbine  blades 
of  today. 

This  paper  reviews  a  series  of  investigations  which  used  the  multi-pass  cooling 
geometry  evaluated  statically  in  Ref.  1  (see  Fig.  ’J.)  to  study  the  effect  of  rotation  up 
to  and  beyond  the  non-diinensionally  correct  engine  oper.ating  point. 

THE  EXPERIMENTAL  TECHNIQUE 

This  is  a  transient  technique  in  which  a  steady  flow  of  coolant  is  suddenly 
established  through  the  model  passage.  By  monitoring  the  temperature  time  history  of  the 
surface  of  the  model  wall  it  is  possible  to  dtduce  the  surface  heat  flux. 

The  model  was  not  viewable  during  the  experiment  and  so  air  and  wall  thermocouples 
were  employed  to  provide  data  v;ithiii  the  model  passages  since  the  full  surface  mapping 
technique  described  in  Ref.  1  could  not  easily  be  used.  It  was  considered  that  these 
localised  data  would  provide  an  adequate  guide  as  to  the  effects  of  rotation.  Also,  in 
order  to  model  the  buoyancy  forces  correctly  it  was  necessary  to  employ  a  'hot*  model 
VJi  IM  'cold*  coolant  flow.  After  considerable  feasibility  studies  it  was  decided  to 
operate  v.rith  the  model  at  ;unblent  temperature  and  use  cold  gaseous  nitrogen  as  the 
cooling  medium.  Despite  some  initial  doubts  this  system  worked  exceedingly  well. 

To  obtain  local  heat  transfer  coefficients  it  was  necessary  that  the  following 
conditions  be  satisfied i 


1. 


The  model  be  of  a  low  conductivity  material 
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2.  The  model  wall  be  sufficiently  thick  as  to  be  regarded  loathematically  as  semi 
infinite. 

3.  The  experimental  time  be  sufficiently  short  so  that 

(i)  the  heat  flux  will  penetrate  only  a  short  way  into  the  wall  (diffusion 
depth) 

(ii)  the  heat  flow  can  be  regarded  as  1  dimensional. 

THEORY 


1.  To  obtain  heat  transfer  coefficients  from  the  experiment. 
The  equation  governing  heat  conduction  is 
V^T  =  1  _iT 

lit 


■(I) 


The  time  at  wliich  the  measurements  are  taken  are  such  that  one-dimensional 
conditions  prevail  in  the  model.  Since  the  diffusion  depth  of  the  temperature  pulse  is 
small  the  lateral  conduction  can  be  ignored  and  the  surface  temperature  regarded  as 
effectively  constant.  The  surface  temperature  history  may  therefore  be  related  to  the 
convective  heat  transfer  using  the  one-dimensional  equation 


^^T  =  1 


(2) 


The  heat  transfer  rate  to  be  measured  occurs  at  x  =  0.  In  this  case  the  temper¬ 
ature  is  always  ambient  at  the  tear  surface  so  the  boundary  conditions  became 


X  =  Oi  q  =  -k  .)T 

*^x 

X  =  oOJ  T  =  O 

q  »  h(Tg  -  Tw) 


The  above  equations  were  therefore  solved  numerically  and  an  iterature  procedure 
developed  whereby  the  heat  transfer  coefficient  could  be  determined  from  the  measured 
surface  and  local  air  temperature  historys  (5).  The  heat  transfer  coefficient  is  itself 
a  function  of  the  upstream  wall  temperature  distribution  and  this  was  not  taken  into 
account.  This  was  justified  because.  In  test  cases  using  well  established  expressions 
for  the  variation  of  h  with  upstream  wall  temperature  it  was  found  that  the  value  of  h 
determined  was  relatively  insensitive  to  the  upstrcori  wall  temperature  effect,  Tiis  was 
also  confirmed  in  earlier  experiments  on  circular  tubes.  (Ref.  1). 


2 .  Effects  of  Rotation 


A  comprehensive  mathematical  explanation  as  to  the  effects  of  rotation  are 
presented  by  Morris  and  Ayhan  in  Ref.  2.  They  suggest  that  the  change  in  heat  transfer 
due  to  rotation  in  a  circular  duct  can  be  correlated  using  the  expression 


Nu  =  (Ba_)-0-^«^  .  RoO'33 

_ S! 


On  completion  of  the  present  investigations  attempts  were  made  to  correlate  the 
data  in  terms  of  Coriolis  and  centripetal  effects,  using  the  expression 

^  -  A  (Ra^)8  Ro<: 

THE  MODEL 


The  model  used  in  these  investigations  was  a  typical  multi-pass  blade  cooling  system 
cast  3x  full  size  in  a  thick  walled  epoxy  resin  -  see  Fig,  2,  Prior  to  commencing 
considerable  studies  were  undertaken  to  ensure  that  the  model  material  could  operate  with 
cold  gases  at  the  high  'g'  loadings  necessary  to  arrive  at  the  correct  non-dimensional 
operating  conditions. 


The  model  was  instrumented  with  30  wall  and  11  air  thermocouples  positioned  at  the 
stations  shown  in  Fig,  3,  The  wall  thermocouples  were  fast  response  0.0002  in*  thin 
foils  supplied  by  Rotadata  Ltd,  The  air  thermocouples  wer-*  0.005  in.  diameter  chromel/ 
alumel  wire  simply  supported  on  the  duct  centre  line.  Again,  before  the  model  was 
instrumented  tests  were  conducted  to  ensure  that  both  types  of  thermocouple  would  operate 
at  12,000  g  and  -120°C, 


The  complete  model  asseml  ly  with  its  thermocouple  leads  and  periferals  is  shown 
in  Fig*  4« 

THE  TEST  RIG 

The  test  rig  is  shown  diagraimnaticallv  in  Fig.  5  and  fully  installed  in  its 
reinforced  test  cell  with  nitrogen  supply  and  other  services  in  Fig.  6. 

Fig.  5  shows  the  model  located  at  the  top  of  its  Im  long  0.2  m  dia.  rotor  arm. 

The  cooling  air  was  supplied  to  the  model  through  the  centre  of  the  front  bearing  and 
via  a  radial  tube*  To  enable  this  feed  pipe  to  be  pre-coolcd  to  the  required  operating 
temperature*  the  cooling  air  supply  system  was  enca.sed  in  a  secondary  duct.  The  cold 
gaseous  nitrogen  was  pumped  around  this  secondary  (bypass)  circuit  prior  to  the  test 
commencing. 

The  model  instrumentation  leads  were  taken  out  through  the  rig  drive  shaft  to  a 
60  channel  slip  ring  unit.  The  test  uni\  health  monitoring  instnimentation  was  coupled 
to  the  rotor  arm  only  when  the  model  was  static,  this  link  being  disconnected  immediately 
prior  to  the  test. 

The  test  cell  was  evacuated  to  1  psia  prior  to  the  test  to  reduce  the  power  needed 
and  avoid  cell  heating  problems.  The  rig  was  coupled  to  and  driven  by  a  500  HP  motor. 

TEST  PROCEDURE 

Prior  to  commencing  a  test  the  model  and  bypass  line  control  valves  were  set  to 
provide  the  required  coolant  flow  to  the  model.  The  test  cell  was  evacuated  and  coolant 
flowed  through  the  bypass  line  until  the  air  supply  duct  was  at  the  required  operating 
temperature.  (The  model  was  monitored  throughout  this  period  to  ensure  that  it  remained 
at  ambient  temperature).  The  static  instrumentation  was  then  disconnected  by  a  mechan¬ 
ical  arm,  the  model  spun  to  the  reauired  test  speed  and  the  coolant  feed  switched  to  the 
model. 


The  thermocouples  v/ere  monitored  throughout  the  test  by  on  line  data  logging 
equipment  and  the  ..«(ioults  finally  processed  on  a  POPll-34  computer. 

PI SCUSSION 

The  heat  transfer  data  obtained  for  this  model  from  the  static  full  surface  coverage 
studies  (Ref.  1)  are  shown  in  Fig.  7.  These  datum  conditions  were  repeated  using  the 
current  experimental  technique  at  zero  rpm  in  order  to  check  the  validity  of  the  data 
obtained  and  test  results  found  to  be  reproducable  to  within  S%.  Having  established  a 
viable  datura,  tests  were  then  conducted  at  a  range  of  speeds  up  to  4000  rpm.  (The 
original  blade  design  point  (engine)  conditions  were  equivalent  to  3200  rpm,  72,000 
Reynolds  Ntimber  and  (  At)  «  0.32).  • 

(  Tg  gT 

The  goneral  effects  of  rotation  were  similar  at  all  speeds  with  Coriolis  and 
centripetal  effects  resulting  in  considerable  circumferential  changes  in  heat  transfer. 
These  are  summarised  in  Fig.  8  where  it  can  be  seen  that  in  general! 

(i)  With  outward  flowing  coolant  the  pressure  surface  heat  transfer  is  enhanced  and 

that  on  the  suction  surface  reduced. 

(ii)  With  inward  flowing  coolant  the  suction  surface  heat  transfer  is  enhanced  and  the 

pressure  surface  reduced. 

The  magnitude  of  these  changes  at  the  design  point  conditions  can  be  seen  in 
Fig.  9.  Reductions  in  heat  transfer  of  up  to  30%  were  no'.ed  at  some  stations,  whilst 
others  exhibited  enhancements  up  to  35%,  with  the  most  significant  changes  being  noted 
close  to  the  bends.  Avciaging  these  data  suggests  that  tlie  overall  effect  of  rotation 
is  to  reduce  the  heat  removal  from  this  system  to  around  90%  of  that  measured  statically. 

These  changes  in  heat  transfer  were  fed  into  the  TACITUS  design  suite  to  evaluate 
the  effect  of  rotation  on  blade  raet.sl  temperature  (TACITUS  is  a  linked  suite  of  inter¬ 
active  computer  programs  developed  by  Rolls-Royce  to  cover  the  aerodynamic,  heat  transfer 
and  stress  routines  needed  to  design  cooled  turbine  blades  -  Ref.  6).  The  metal  temper¬ 
ature  distributions  with  and  without  rotation  for  the  tip  section  only  are  shown  in 
Fig,  10.  At  first  glance  it  appears  that  the  isotherm  patterns  are  similar.  However, 
closer  examination  reveals  that  local  changes  of  up  to  40^C  have  resulted  due  to 
including  the  effects  of  rotation.  Local  errors  of  this  magnitude  could  change  the 
predicted  blade  lives  by  a  factor  of  3*  This  shows  the  vital  importance  of  accurately 
investigating  both  the  internal  and  external  heat  transfer  distributions  during  a  blade 
design. 

It  was  not  possible  to  evolve  a  general  correlation  for  the  effects  of  rotation  on 
this  complex  geometry  based  on  the  relationship  suggested  by  Morris,  At  each  station  in 
the  duct  a  different  set  of  constants  were  found  to  apply  (equation  4)  see  Table  I. 
Analysis  of  the  data  (100,000  test  points)  are  continuing  to  try  to  evolve  a  more 
representative  relationship  for  these  complex  3D  geometries.  Meanwhile,  experimental  data 
obtained  from  investigations  using  the  technique  described  in  this  document  arc  being  used 
to  improve  the  predictions  from  TACITUS  so  that  future  turbines  will  be  designed  right 
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first  time. 
CONCLUSIONS 


An  experimental  techniques  has  been  successfully  developed  to  enable  the  effects 
of  rotation  on  heat  transfer  to  be  accurately  quantified  on  a  complex  3D  cooling 
geometry. 

The  basic  checks  at  zero  speed  showed  good  agreement  with  data  obtained  using 
earlier  transient  techniques. 

Rotation  was  found  to  have  a  significant  effect  on  the  heat  transfer  distribution 
in  the  cooling  passages  with  reductions  and  ennancements  in  excess  of  30%  being 
recorded.  The  overall  effect  at  design  point  conditions  was  to  reduce  the  neat  removed 
to  around  90%  of  the  static  value. 

Investigations  are  continuing  to  enable  the  effects  of  rotation  on  complex  3D 
cooling  systems  to  be  better  understood,  and  the  methodology  used  in  the  blade  design 
suites  updated. 

Table  1 

Correlations  of  all  data  at  each  location  in  the  first  and  second  pass  of  the 

model . 

N“rot/N“stat  ' 

)Re  ' 


POSITION 

CONSTANT 

PASS 

LOCATION 

A 

B 

C 

1st 

HUB  S.S. 

.56 

-.11 

.08 

II 

MID  P.S. 

1.61 

.03 

b 

II 

MID  S.S. 

.« 

1 

o 

1 

II 

TIP  P.S, 

6.49 

-.03 

.52 

II 

TIP  S.S. 

.39 

o 

t 

-.01 

2nd 

TIP  P.S. 

1.22 

-.OT 

.09 

11 

TIP  S.S. 

9.89 

•  26 

-.02 

II 

MID  P.S. 

.59 

-.12 

.13 

II 

MID  S.S. 

.99 

-.09 

.15 

II 

HUB  P.S. 

.85 

-.05 

.07 

II 

HUB  S.S. 

1.00 

-.05 

o 

t 
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No  e.xti  apolatioii  of  data  was  rei|Uired  to  arrive  at  engine  conditions. 


3-1 


LOCAL  AND  MEAN  HF.AT  TRANSFCR  ON  THE  LEADING  AND  TRAILING  SURFACES  Of  A 
SQUABE-SECTIONED  DUCT  RQTAflNG  IN  THE  OBTHOGONAL-HOOE, 


W  D  Morris 

Fennar  ProFeasor  of  Mechanical  Engineering 
Head  of  Department  of  Engineering  Design  and  Manur'acture 
University  of  Hull 
Hull,  HU6  7RX 
United  Kingdom 

S  P  Horaegame 
Senior  Scientific  Officer 
Prapulaion  Department,  IID 
Royal  Aircraft  Eatsbliahnent 
Pyeatock,  Farnborough,  CUIA  OLS 
United  Kingdom 


SUMMARY 

This  paper  describes  the  results  of  an  experimental  study  of  local  and  maun  heat  transfer  over  the 
leading  and  trailing  surfaces  of  a  square-sectioned  duct  viliich  is  constrained  to  rotate  about  an  axia 
perpendicular  to  the  main  direction  of  through  Flow.  Both  radially  outward  and  inward  coolant  flow 
conditions  are  conaidered. 

Physical  arguments  are  discussed  which  explain  the  data  trends  found  in  terms  of  Coriolis-induced 
secondary  flows  and  rotational  buoyancy  and  ttisne  trends  are  compared  with  the  corresponding  problem  in 
circular-sectioned  tubes. 


NOMENCLATURE 
English  Symbols 

Cp  Cunutant  pressure  specific  heat  of  coolant 

d  Hydraulic  diaroetsf  of  duct 

h  Heat  transfer  coefficient 

H  Eccentricity  of  mid  croaa-aectlanal  plane  of  duct 

.1  Rotational  Reynolds  number 

k  Thermal  conductivity  of  coolant 

I  Length  of  duct 

Nu  Nusselt  numtor 

Pr  Prandtl  number 

Re  Rotational  Rayleigh  rAimber 

Re  Duct  flow  Reynolds  number 

Ho  Version  of  the  Rousby  number 

V  Mean  coolant  velocity  along  duct 

X  Perameter  defined  In  equation  (d) 

z  Axi"-!  louation  along  the  duct  meoaured  from  duct  Inlot. 

Creek  Symbols 

6  Coefficient  of  volume  expansion  jf  coolant 

f  Parameter  defined  in  aquation  (7) 

ATy,  Representative  difference  in  tenporaturs  difference 
M  Absolute  viacoaity  of  coolunt 

P  Density  of  coolant 

4’  functional  relationship 

Angular  velocity 

Sufaacripta 

”  Evaluated  with  developed  flow 

m  Mean  vat  e  for  Ute  (hict 

z  Evaluatec,  locally  at  axial  positlori  z. 


1,  INTRODUCIIUN 

The  sustained  improvement  in  the  performance  and  fuel  economy  of  euro  gus  turbines  over  the  last 
two  decades  may  be  attributed  to  s  wide  variety  of  resoarch  and  devi  lopnent  programmes  in  virtually  ell 
the  engineering  sciences,  materials  and  manufacturing  tectwiology.  Ii  particular  the  mutuolly  conflcting 
desire  to  operate  with  progreealvily  higher  turbine  entry  remperotires  with  the  sttendont  temporaturn- 
Induced  dugradatiun  of  material  strength  has  necessitated  the  u-je  of  very  ooptiiaticutKd  air  cooling 
pseseges  in  the  turbine  rotor  blodea.  Not  only  are  theos  coolant  posisgcs  complex  in  the  sense  that  the 
coclsrit  flows  through  interconnected  multi-peua  chatwisls  which  ars  ot'en  non-circular,  but  additionally 
the  cooling  uuiTaces  themaolvos  incorporate  e  variety  of  extended  nu.'f  ice  devices  to  improve  local  heat 
transfer,  Theao  typically  take  the  form  of  tranaveioo  riba  or  cylindr'csl  pillar-like  protroaiona. 
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Thu  accurate  ctelerminotion  of  Iniut  transfer  coefficient  diatiibutlnno  in  these  blade  passagea  is 
vital  at  tho  desigr^  atago  in  order  to  osauua  blade  life  via  the  corroaponding  operational  temperaturoa 
expected  in  the  blade  (nutcrlal,  In  this  respect  the  uhovu^mentioned  cornploxitics  of  channel  geometry 
are  problematic  in  their  own  right  for  preciao  heat  transfer  predictions.  Additionally  the  problem  is 
fortl^er  complicated  by  the  fact  Ihot,  since  the  coolant  is  constrained  to  rotate  with  the  oassage,  the 
influence  of  rotation  on  the  flow  field  ainl  its  resultant  effect  on  heat  transfer  must  also  be  taken 
into  nccoiint* 

The  present  authors  have  been  involved  with  other  University-based  npecialist  heat  transfer  groups 
in  a  coordiouted  programnic  to  study  fundorricntol  aspects  of  blade  cooling.  In  general  terms  our  own 
University  role  has  been  concerned  with  assessing  the  importance  of  rotstioi*  on  local  and  mono  heat 
tcanufer  in  ducts  of  rclotivoly  sirnple»  but  not  necessarily  circular,  cross  section,  Tho  ducts  rotate 
about  on  axis  perpendicular  to  the  main  dircctio>>  of  flow  as  depicted  in  Figure  1,  This  configuration 
in  often  referred  to  as  orthogonal-modu  rotation  in  the  technical  literature,  In  each  case  flow  may  bo 
radially  outward  or  inward  in  practice  depending  on  the  design  concept  adopted,  Specifically  this  paper 
daoeribes  tho  results  of  an  exporimental  investigation  of  heat  transfer  over  the  loading  and  trailing 
surfaces  of  o  sguarti-aoctioned  tube  rofating  in  this  orthogonal  mode. 


2 ,  FORMULATION  OF  HlOBieH 

Rotation  of  a  duct  will  generally  it^flucnco  internal  flow  in  three  ways,  for  steady  rotational 
speed  Coriolis  and  cet^tripetal  acceleration  coiTtponunta  must  be  included  in  the  fundamental  iwmentum 
cunsurvation  equations  to  account  for  the  non-inertial  noture  of  the  flow  reference  system.  If  the 
rotor  is  cither  accelerating  or  decelerating  then  the  angular  rate  of  velocity  chunyc  must  also  be  taken 
into  account.  For  the  case  of  steady  rotational  speed  Morris  (D*  using  laminar  flow  as  an  illuotrativc 
case,  hoa  shown  that  the  Coriolis  terms  are  capable  of  sustaining  vorticity  generation  in  the  fluid 
relative  to  ttia  duct.  This  vorticity  generation  can  severely  alter  the  nature  of  the  stationery  duct 
flow  field  and  hence  the  fluid  temperature  distribution  when  the  duct  walls  are  heated.  This  in  turn 
changes  the  local  heat  transfer  at  the  fluid/duct  wall  interfflco.  For  constant  density  flow  tha 
centripetal  terms  arc  mainly  conoervative  in  nature  and  do  not  tend  to  act  as  aourcc  tarma  for  rolstive 
vorticity  geiicrotion.  Thus  only  if  temperaturO'^lnduced  density  variations  are  present  in  o  heated  flow 
will  the  centripetal  terms  tend  to  create  velocity  field  changes  and  this  will  be  via  a  buoyancy-typo 
mechaniam«  When  rotational  buoyancy  is  present  the  direction  of  flow  along  the  duct  will  be  an 
impurtatit  interactive  consideration  since  buoyancy  could  in  principle  cither  unhonue  or  impair  the  usual 
forced  corweetion  mscfionism  operating  in  tf>u  stationary  tube  mode, 

A  number  of  theoruticol  and  cxpsrimeftti’l  studies  of  flow  in  circular  tubes  with  orthogonal -mode 
rotation  have  been  undertaken  by  Haruu  (2),  Trofethen  <3),  Oeriton  and  Boyer  (A),  Hori  and  Nakoyomo  (5), 
Uo  and  Nambu  (6),  Mori  ut  al  (7),  Skisdareaoin  and  Spalding  (6)«  Metzger  and  Ston  (9),  Lokai  and 
Limaniiki  (10),  f.ysin.j-Holozkcn  et  al  (11).  In  the  main  Uie  theoretical  treatments  have  involved  both 
laminar  end  turbulent  flow  with  either  heated  or  non-heeted  duct  walla.  The  theoretical  studiea  have 
included  Curiolis  terms  but  the  centripetal  buoyancy  puooibility  has  not  been  included  In  those 
theoretical  models,  Theorotical  date  for  flow  reeietance  and  heot  trsnofer  has  been  compared  with 
cxperimentol  data  for  developed  flow  conditions.  In  the  muin  the  relative  vorticity  generated  in  tho 
tube  becauow  of  the  ^‘oriolia  terms  tendo  to  improve  heat  transfer;  a  reeult  mainly  confirn«!d  by 
uxpcrlmont, 

Morris  and  Ayhun  (12),  (1>)  have  argued  that  some  of  tlie  cxporimental  ocalter  evident  in  reportud 
hcot  triinsfcr  atudion  with  orthogonal-made  rotation  could  possibly  be  explained  as  n  buoyancy  effect. 
Using  circular-acctioncd  tubco  these  authors  presented  experimental  data  for  radially  outward  onri  inward 
flow  to  substantiate  this  proposal.  It  was  shown  that  rotational  buoyancy  tended  to  impair  heat 
tronafer  wfiufj  tt«e  flow  was  radially  outward  whilst  the  converse  woa  true  for  rudloily  inward  flow. 
Clifford  at  al  (l^i)  have  presented  axperimental  data  for  triangular-sectioned  ducto  with  rudially 
outward  flow.  This  work  highligfited  the  problem  ansoclatcJ  with  conduction  in  the  wall  material  but 
ncverthelefjy  was  able  to  show  that  buoyancy  tended  to  have  on  adverse  vffent  on  mean  heal  tranofor.  It 
woo  nnt  pousible  to  draw  dufinitive  cuhclusions  from  this  particular  study  but  tlie  overall  complexity  of 
the  flow  and  heat  transfer  ptctenl  was  clearly  brought  out, 

Tho  nature  of  thi;  cross  otieam  secondary  flows  generated  by  the  Coriolis  term?  resulting  from  tho 
thnoreticnl  studies  mentioned  above  art*  shown  schematically  in  figoi-e  1,  Note  that  the  core  region 
fluid  tend!)  to  move  towards  the  trailing  uurfuce  whan  the  flow  la  radially  outwarda.  The  rusulting 
distortion  of  the*  fluid  tumparaturo  distributioh  will  tend  tu  give  riae  to  a  non-uniform  dinti ibutioti  of 
surface  heat  flux  in  ttw  circumferential  direeiluti  with  u  region  of  relatively  higher  l^eat  transfer 
coefficient  ovt^r  the  tiailing  edge  region  when  tlwj  flow  is  radially  outwarda.  This  effect  nan  be  scon 
in  the  ttvjoreticul  study  of  Skindereonis  and  fipalding  (8)  and  in  the  experimental  work  of  Mori  and 
Nakayama  (!>),  In  ptoctice  this  nun •uniformity  in  civeumferential  heat  tranafer  could  result  in 
cor^espofjding  differenceo  in  the  wall  temporaturc  being  eatablislwd  in  actual  rotor  blades, 

Ao  mentioned  above  tlx:  proaent  authors  hove  been  conducting  mi  ongoing  prugrarmc  to  study  the 
overall  influence  of  rotation  on  heat  transfer  in  ducts  rotating  in  the  orthogonal-mode,  In  ttm  work 
reported  here  a  oquurt— weetioned  duct  with  either  radially  outward  or  rndially  inward  FlCfW  hna  been 
inveatigated,  BeoQuao  of  the  cxroimferential  variation  in  heat  tinnafer  coefficient  outlined  above 
oimultiincauu  mooBureftents  of  heat  trunsfor  have  been  conducted  on  tha  leading  and  trailing  ourfacea  of 
the  duct.  Oetnila  of  this  inveutigotiuri  now  follow, 

’ '  APl^ARATUS,  EXPERIMENTAL  FHOnhAHMt  AND  METHOD  OF  DATA  PRESENTATION 

Tho  heated  teat  ucction  wos  designed  ao  an  oBcily  removobla  sub-sssombly  which  could  be  attached  to 
a  rotutlng  arm  which  formed  part  of  o  general  rotory  test  facility.  The  conotructional  dutella  of  the 
teat  section  are  shown  in  figure  2,  The  heated  section  was  cast  from  Nimonic  oloel  and  subsequently 
machined  externally  to  permit  the  attachment  of  Inauleted  inlet  ond  exit  oectiono,  the  embedding  of 
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thertiacouples  on  the  leading  ond  trailing  Burfacea  and  Nichrone  electrical  wire  for  heating*  The  active 
length  gf  this  teat  aection  v^aa  1!^0  m  and  the  eection  msb  7«3  an  aquere*  Mhen  fitted  the  mid  aection 
□  f  the  heater  had  an  eccentricity  of  290 

Air  could  be  blown  radially  outwards  through  the  teat  eection  via  a  circular  sectioned  rotating 
plenun  so  shown  in  figure  2  ao  that  o  reasonably  good  approximation  to  a  ^^aharp  edged^  entry  was  formed 
at  the  inlet  plane  of  the  heated  teat  aection*  The  air  entered  the  plenum  via  a  rotating  aaal*  Another 
aimilarly  constructed  teat  section  was  used  for  radially  inward  flow  teats* 

In  both  caeea  the  inlet  air  tenperature  to  the  aection  and  the  emerging  air  temperature  waa 
measured  by  means  of  thermacouplee*  In  the  caee  of  the  exit  air  temparotuce  o  numbor  of  mixing  gauzes 
were  fitted  in  an  insulated  exit  extension  in  order  to  nix  the  flow  prior  to  making  a  bulk  temperature 
measurement.  This  waa  done  with  two  therraucouplea* 

The  rotating  facility  available  incorporated  a  controlled  motor  drive  ay8ten»  power  8lipring» 
Inetrumentation  alipring,  teat  arm  and  air  delivery  ayatem.  fhia  facility  haa  been  previously  described 
in  detail  by  Horrla  and  Ayhan  (12)  and  the  general  layout  is  as  shown  in  figure  3*  Rotational  apead  was 
limited  to  e  maximum  level  of  1630  rev/min  with  this  facility. 

All  the  thermocouple  signals  were  fed  to  an  autonwlic  data  acquisition  system.  Rotational  speed 
was  measured  with  a  digital  intorval  meter  and  magnetic  shaft  encoder »  air  flow  rate  with  a  aeries  of 
rotameters  and/or  enubor  eyotem^  and  the  electric  dissipation  in  the  heater  with  a  Wattmeter. 

The  standard  test  procedure  adopted  was  that  described  by  Morris  and  Ayhan  (12)  in  their  work  with 
circular  aectioned  tubes,  [n  principle  this  involves  a  careful  energy  balance  involving  the  generation 
rate  in  the  electrical  heater,  external  load  to  atmoephere  end  conduction  along  tlw  walla  of  the  test 
section  in  order  to  deterraiiw)  the  local  variation  of  heat  flux  to  the  fluid*  External  losses  from  the 
teat  aasembly  were  dotermlned  from  a  aeries  of  calibration  testa  undertaken  prior  to  ths  main  convective 
testa.  These  loaa  charecterlatice  were  periodically  re-checked  during  the  programme.  By  this  mennr  it 
was  possible  to  determine  both  mean  and  local  heat  transfer  coefficiertts  for  the  teat  aaction  over  a 
variety  of  operating  conditions  within  the  performance  envelope  of  the  facility. 

The  conaervation  equetloria  of  momentum  and  energy  may  be  used  to  identify  suitable  non-dimensional 
groups  to  charactoriae  the  effect  of  rotation  on  heat  tranafer  or  indeed  conventional  dimensional 
analysis,  for  this  class  of  rotating  system  the  outcome  of  such  analysea  auggost  that  in  general 
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and  other  individual  aymboie  have  the  significance  given  in  the  Nomenclature*  Note  that  the  incluaion 
of  rotation  in  the  moat  general  ceae  propoaed  above  reoulta  in  tlie  eppeerance  of  ths  rotational  Rayleigh 
number  to  characterise  buoyancy  via  the  centripetal  arceleretion  component  and  the  rotational  Reynolda 
number  via  the  Coriolle  acceleration  component.  The  eccentricity  ratio  H/d  has  been  included  for  the 
sake  of  generality* 

The  experiments  deecrlbed  below  were  conducted  with  eir  ae  Ute  convective  fluid  end  the  temperature 
range  covoted  did  not  cause  noticeable  changes  in  the  Prandtl  number*  Alao  tho  toate  were  conducted 
with  a  single  gometric  cofifiguration.  Equation  (1)  con  U^ue  be  Bimplified  in  this  caae  to 


Nu  =  <^(Re,  Ra,  3)  (3) 


Note  that  some  workers  have  characteriHed  the  Cotiolio  effect  in  non-*diiiiQiiaional  terms  using  a  form  of 
Ute  Rooeby  numt)erii  Ro,  deTined  as 
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The  choice  is  molnly  one  of  preference  and  the  rotational  Reynolds  number  haa  been  selected  in  this 
instance. 

The  groups  shown  defined  in  equation  (2)  nay  be  evaluated  at  specific  locations  in  the  duct  or  on  q 
mean  baeis  aa  required.  In  the  present  case  all  raw  experimental  data  was  stored  on  diac  by  the  data 
acquisition  system  and  automatically  processed  ulong  the  lines  suggested  by  equation  (3)  as  required. 

A  synopsis  of  Uie  geometric  features  of  the  teat  assembly  and  the  ranqe  of  non^'dimensianal 
vsriables  covered  with  the  present  investigation  la  given  in  Table  1. 


Teat  Section  Geometry 

Internal  dimenaiona  of  teat  section 
Length  of  teat  section 
Hall  thickrvesa  of  duct 

eccentricity  at  mid  section  of  test  section 
Hydraulic  diameter 
Length/hydraulic  dlometer  ratio 
Cccentricity/hydraulic  diameter  ratio 
Entry  plenum  diameter 
Plenum/teat  section  area  ratio 


7.3  X  7.3  mm  sq 
150  nm 
1.0  mm 
250  mm 
7,5  mm 
20 
33.3 
29.3  mm 
12 


Rodially  Outward  Flow 

Rotational  spaed  range 
Reynolda  nun^er  range 
Rayleigh  number  range 
Rotational  Reynolda  number  range 
Rossby  number  range 


0  -  1050  rev/min 
7000  -  45000 
5  X  10*  maximum 
0  -  920 
0  -  0.005 


Radially  Inward  Flow 


Rotational  speed 
Reynolda  numbur 
Rayleigh  number  range 
Rotational  Reynolds  number 
Rossby  number  range 


1000  rov/min 
7000  -  1500U 
1.5  X  10‘  maximum 
0  -  360 
0  >  D.042 


TABLE  1  :  SYNOPSIS  Of  TEST  SECTION  GEOMETRY  WO  RANGE  Of 

EXPERIMENTAL  VARIABLES  COVERED. 


4.  RESULTS  AND  DISCUSSION 


Experiments  wore  originally  conducted  with  o  stationary  teat  aoction  in  order  to  establish  a  farced 
convection  reference  datum  for  heat  transfer.  Although  minor  varistiona  of  wall  temperature  along  the 
wall  of  thu  tuet  soction  were  detected  at  corresponding  axial  locations  on  the  leoding  and  trailing 
surfaces  they  were  not  systtmatic  and  evaluation  of  local  and  mean  Nur.ielt  numbers  with  either  nurface 
tomperuturo  history  woo  virtually  identicnl.  It  is  important  to  emphosise  this  point  here  since  a 
tutaiiy  difference  behaviour  was  found  with  rotation. 

Thu  nxjnn  Nuaoclt  number,  NUfn,  was  evaluated  using  the  difference  between  the  mean  wall  temperature 
ond  the  moan  fluid  temperoturu  ae  the  rmitivsting  potential  for  hoat  trenofer  with  fluid  prupertios 
ovalouted  at  tho  meun  fluid  temperature.  A  similar  reference  temporaturo  for  properties  wns  used  for 
the  through  flow  Reynolds  number,  He,  and  the  hydraulic  diameter  wns  tuken  as  tho  length  churecteriatic. 
for  the  range  of  teat  variables  covered  Figure  4  shows  the  zero  speed  variation  of  maon  Nuagolt  number 
with  Reynolda  number.  Also  shown  in  thio  graph  is  tho  theoretical  prediction  for  square  tubes  taken 
from  the  recormnuridation  of  Launder  und  Ying  (15)  ond  the  well-known  Dittus-Bonlter  (16)  correlation  for 
circular  tubes  with  developed  flow.  The  preoent  data  agreed  very  well  with  the  Oittus-Boelter  line. 
The  variation  of  local  Nusaelt  number,  evaluated  with  thu  locol  woll  to  bulk  fluid  temperature 
differences  ond  properties  at  local  bulk  temperature  along  the  duct,  is  ohown  in  figure  5,  This  curve 
is  included  for  later  comporison  with  rotating  conditions.  The  distributions  clearly  show  the  high 
reqiofis  of  local  heot  tronsrur  coufficient  in  the  immediate  entry  rogion  and  their  decay  towordo  a  fully 
duveloped-like  value. 

When  teats  were  under tuken  with  rotation  (lUOO  rev/min  and  1050  rov/min)  and  radially  outward  flow 
noticeably  different  wall  temijeruture  distributions  wore  delected  over  the  leRding  and  trailing 
fiurfuceo,  Thia  may  be  seen  on  reference  to  Figure  6  which  shows  the  typical  difference?  in  measured 
wall  temperature.  Thw  lending  edge  aurfaco  was  found  consistently  to  run  iit  a  hig^xsr  temperature  then 
itb*  trailing  caunterpart.  Thio  would  bn  In  keepiiKj  with  the  presence  tif  a  strong  cross-stieam  secondary 
flow  os  indicated  in  FAguie  1.  The  movement  of  relatively  cool  fluid  from  the  central  rogion  of  the 
duct  is  improving  the  cooling  effect  over  tJxj  trailing  surface. 

Moan  Nuoacit  numbers  were  evaluoted  in  accordance  with  the  definitions  used  for  the  stationary  duct 
but  individually  over  the  loading  af>d  trolling  Hurfoceo.  For  each  of  tlx*  nominal  values  of  through  flow 
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Reymids  number  studied^  Figure  7  ehows  ttie  variation  of  meun  Nuesolt  number  with  the  Rotational 
Iteynolds  number*  The  followittg  features  are  highlighted* 

On  the  lea' ling  outface  it  was  found  that  although  causing  changes  in  heat  transfer,  rotation 
produced  a  somewi  at  confusing  picture  at  first  sight*  At  the  lowest  value  of  through  flow  Reynolds 
number  (7200)  heat  tronsfer  was  increased  with  rotation  os  shown  by  comparison  with  the  Dittus-Boelter 
(16)  line.  The  relative  increase  in  heat  transfer  et  thia  value  of  Reynolds  number  indicated  a  slight 
reduction  as  the  speed  was  increased.  At  Reynoldo  number  values  of  14600  and  24750  the  heat  transfer 
did  show  a  progressive  increase  as  the  rotational  Reynolds  number  was  increased  but  in  these  two 
instances  it  was  possible  to  produce  an  overall  reduction  in  heat  transfer  relative  to  the  stationary 
tube  CQiKlition.  This  effect  had  been  detected  previously  for  circular^sectioned  tubes  by  Morris  and 
Ayhun  (12)  and  attributed  to  rotatiunol  buoyancy*  At  the  highoat  value  of  through  flow  Reynolds  number 
(44230)  no  significant  change  in  Nuaselt  numbor  with  rotation  was  detected* 

For  circular-sectioned  tubes  the  proposcls  of  Mori  et  al  (7)  and  Lokai  and  Limanoki  (10)  for 
orthogonal-mode  rotation  are  relatively  easy  to  evaluate*  Thus  Mori  et  al  (7)  suggest  that  the  rotating 
developed  Nuaselt  number,  Nu«q,  may  be  estimated  using  the  equation 


Nii 


Oi 


whure 


0.034'J 

-0.074 


* 


0.09J 


X 


4  Re  r  = 


and 


r 


1  +  1.205 


1.135 


J 

Re 


(5) 


(6) 


(7) 


LoRui  and  Llnanakl  (1975)  prapoae  that  the  mean  Nuaselt  number,  NU;„,  for  the  tube  itiay  be  estimated  using 
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He 


i.o«  J 


(8) 


Fur  comparative  purpoaeo  both  these  propoaals  have  been  ploted  on  Figure  7  using  tha  hydraulic  diameter 
concept.  Although  equations  (5)  and  (8)  do  not  exhibit  total  mutual  agreement  they  both  suggest  far 
more  aignificant  values  oF  Nuaaelt  number  in  relation  to  thoae  neaeured  on  the  leading  ourFace  of  tha 
oquaro-aectioned  duct. 


On  the  trallli.g  aurface  the  influence  of  rotation  on  mean  heat  transfer  is  seemingly  more 
consistent  than  its  leading  counterpart.  In  thia  case,  at  all  values  of  through  floH  Reynolds  numbers, 
there  was  a  tendency  for  rotation  to  produce  an  overall  increase  in  mean  heat  transfer.  Although  the 
propoeals  of  Hori  ct  al  (7)  and  Lokai  and  Limanaki  (10)  are  still  euggeating  a  greater  Increase  in  heat 
transfer  than  that  measured  the  trailing  surface  data  is  nearer  to  these  linee  than  the  case  of  the 
leading  edge, 


Within  the  limita  of  their  experimental  envelope  for  circular  tubes  and  orthogonal-mode  rotation 
Murris  and  Ayhon  (12)  attempted  to  uncouple  the  effecte  of  Coriolie  acceleration  and  centripetal 
buoyancy.  These  authors  proposed  the  tentative  correlation  given  below  for  tlie  case  of  radially  outward 
flow. 


-  V , I 

Nu  =  0,022  [“1  Ro”-”  Re"-*  (9) 

L  Re’J 

The  present  date  for  a  square  tube  has  been  compared  to  this  equation  using  the  hydraulic  diameter 
concept  and  the  results  are  shown  in  Figure  8.  For  the  leading  surface  it  is  interesting  to  note  that, 
despite  data  scatter,  equation  (9)  does  pass  through  the  majority  of  data  point  clusters.  Indeed  on 
careful  examinstlnn  of  the  location  of  the  stationary  tube  mean  Nusaelt  number  this  equation  ia  still 
cappl.'n  of  auggasting  the  two  aete  of  impaired  heat  transfer  at  through  flow  Reynolds  numbera  of 
nomi  .y  7200  and  14400. 

Figure  8  also  compares  tho  trailing  surface  data  with  equation  (9).  The  relatively  higher  heat 
transfer  detected  on  the  trailing  aurface  is  etill  clearly  evident  and  the  majority  of  data  ia 
underpredlctad  by  equation  (9),  Cven  so  the  elope  of  the  line  la  in  tolerable  agreement.  The  trailing 
edge  mean  Nuaselt  numbors  are  approximately  15!li  higher  than  thoae  resulting  from  the  use  of  equation 
(9),  It  ia  interesting  to  note  that  Morris  and  Ayhari  (12)  actually  constructed  equation  (9)  using 
mesBurod  wall  data  on  the  leading  surface  of  their  clrculer-eectioned  tube. 

To  conclude  the  description  of  results  obtained  with  radially  outward  flow  Figure  9  ahowo  typically 
representative  vsriatlone  of  local  Nussslt  number  over  the  loading  and  trailing  surfeceo,  The  general 
features  ere  similar  with  the  zones  of  relatively  high  local  heat  transfer  In  the  developing  regions  but 
the  noticeably  better  heat  transfer  on  the  trailing  surface  may  be  clearly  eeun. 


A  limited  ar„aunt  of  cxperiirwintation  has  also  been  undertaken  with  radially  inward  flow  and  the  same 
basic  flow  cunfiguration*  Dub  to  time  pressures  prior  to  the  need  to  prepare  the  present  paper  only 
data  for  a  rotational  speed  of  1000  rev/min  and  nominal  through  flow  Reynolda  numbers  of  7'ZOO  and  14200 
respectively  have  been  undertaken  at  the  time  of  writing*  Nevertheless  some  interesting  trertda  are 
emerging. 

There  are  two  effects  which  might  bo  expected  on  changing  the  direction  of  flow  from  radially 
outward  to  radially  inward,  firstly  the  Coriolis  acceleration  components  reverse  in  direction  and  this 
would  tend  to  reverse  the  direction  of  the  secondary  flow  patterns  shown  simplisticBlly  in  Figure  1«  In 
turn  this  would  auggeet  that  relatively  better  heat  transfer  coefficients  should  occur  on  the  leading 
surface  of  tho  duct«  This  in  burn  would  tend  to  reduce  the  wall  temperature  on  the  leading  surface. 
This  tendency  wes  detected  with  the  present  experiments  and  Figure  10  shows  a  typical  variation  wall 
temperature  for  the  leading  and  trailing  surfaces  which  was  measured.  After  about  40S»  of  the  tube 
lengthy  measured  from  inlet*  there  is  a  clear  tendency  for  the  leading  surface  to  operate  at  relatively 
lower  temperature  in  relation  to  the  trailing  surface. 

Figure  11  shows  the  mean  values  oi  Nuoselt  number  obtained  as  a  function  of  the  rotational  Reynolds 
number.  Very  algnificant  improvements  In  heat  tronefer  are  evident  with  once  mure  a  clear  reversal  in 
the  relative  mean  Kusaelt  number  values  between  the  leading  nnd  trailing  Gurfacea<  The  leading  surface 
is  now  operating  with  higher  heat  transfer  coefficients  compared  with  its  trailing  counterpart.  Note 
also  that  no  overall  tr.ndency  for  impaired  heat  transfer  relative  to  the  stationary  case  has  occurred  as 
a  possible  result  of  buoyancy  interaction.  This  is  exactly  tho  same  result  in  principle  as  described  by 
Morris  and  Ayhan  (13)  for  circular'-acctioned  tubes. 

These  authors  proposed  the  following  correlation  for  the  circular-sectioned  tube  rototing  in  tho 
□rthogonal-mode  with  radially  inward  flow 


Nu 


m 


0.036 


Rfe 


0  .  • 


(10) 


The  present  datdi  although  limited  at  the  time  of  writing,  is  compored  with  equation  (10)  in  Figure  12. 
For  the  leading  edge  the  data  obtained  at  both  values  of  Reynolds  number  is  evenly  scattered  about  the 
values  suggested  by  the  Murria-Ayhan  correlation.  Also  shown  is  the  zero  speed  mean  Nusaelt  number  for 
thu  two  values  of  through  flow  Reynolda  nvimber.  Equation  (10)  is  cleorly  a  reasonably  good  correlation 
for  the  leading  surface  and  was  actually  developed  from  circular  tube  data  meaaursd  on  the  leading 
surface. 


Although  data  exhibits  a  typical  scatter  band  for  this  type  of  experinent,  the  reeults  obtained  for 
the  trolling  edge  tends  in  the  main  to  be  undarprcdicted  by  equation  (10),  particularly  at  the  lower 
values  of  Reynolds  number,  although  the  trends  are  again  similor.  Reducing  the  Nusaelt  number  obtained 
from  using  equation  (10)  on  the  trailing  surface  of  a  square-sectioned  tube  by  approximately  11.5%  would 
appear  to  give  a  reaounably  conoervative  estimate  for  deolgn  purposes. 

figure  13  gives  some  indication  of  the  varletion  of  local  Nusselt  number  over  the  leading  und 
trailing  edges.  For  tho  example  shewn  the  relative  differences  are  more  pronounced  over  the  mid/cxit 
region  of  the  duct.  This  trend  will  bo  examined  in  greater  depth  when  the  completed  programme  of 
experiments  for  radially  inward  flow  has  been  evaluated. 


5.  CONCL'JOINC  REMARKS 

Although  the  experiments!  conditions  covered  by  the  investigation  reported  in  this  paper  do  nr-t 
spun  completely  tt\ose  likely  to  be  encountered  in  operational  gas  turbines  the  fundamental  trends  and 
observations  are  nevertheless  important.  T!ie  most  important  general  results  may  be  highlighted  us 
fallows. 

Radially  Outward  flow 

The  Coriolis- induced  seconduty  fluid  motion  produced  with  rodlally  outward  coolant  flow  results  in 
significantly  etvi^anced  cooling  on  the  trolling  ourfoce  of  the  duct  in  relation  to  the  leading  surface. 
In  practice  this  will  cause  corresporxling  girthwiae  variations  in  material  temperature  over  the  surface 
of  the  coolant  rhannsl  with  regions  of  higlwr  temperature  being  locoted  on  the  lending  surfaces. 

The  overall  effect  of  rotation  can  result  in  regions  of  reduced  hoot  transfer  relative  to  the 
stationary  duct  reference  condition  particularly  over  the  leading  surface «  It  appears  that  this  region 
of  reduced  heat  transfer  is  more  likely  to  occur  on  the  leading  edges  where  the  s»urface  tomperaturoo  of 
the  coolant  channel  are  grmatest.  This  reinforcis  the  suggestion  that  rotational  buoyancy  is  an 
important  contributing  factor  since  it  tends  to  supress  heat  tranafor  with  rudioUy  outward  flow. 
Theoretical-buoud  prod?  iems  which  do  not  incluou  buoyancy  will  not  apparently  be  capable  of  detecting 
this  phenomofwin.  Altl  w  derived  from  experimental  data  obtained  with  circular-sectioned  tubes  the 
prupoaul  of  Morris  and  Ayhan  (12)  which  includes  buoyancy,  appears  to  detect  the  possibility  of  itnpuired 
heat  transfer  on  the  leading  ourfarc  when  U>e  t^ydraulic  analogy  is  invoked. 

Hadiaiiy  Inward  flow 

Tlie  Dxporimentul  data  obtained  with  toe  limited  teats  currently  available  with  radially  inward  flow 
tended  to  rupport  the  gonerul  ides  thot  Coriolis-induced  cecondary  flow  will  now  improve  the  cooling  on 
the  leadirtg  suri'sca  in  relation  to  tho  trailing  uurfaca.  FurUtcr*  in  this  case,  rx)  regions  of  impaired 
heot  transfer  relative  to  the  stationary  cuae  were  detected.  This  is  consistent  with  oimilur  data 
obtalnefi  with  cirbuior-eectionud  tubes  and  also  with  the  ouggsstions  that  rotiitional  buoyancy  with  this 
relative  flow  conriguration  will  also  tend  to  augment  the  atationary  tube  forced  convection.  Again  Uw 
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proposals  of  Horrid  ond  Ayhen  (13;  based  on  the  hydraulic  diameter  analogy  are  in  good  agreement  with 
the  present  data  over  the  leadii>g  oCgo« 
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HCURC  5  LOCAL  NtlSSLEI  NUHeERS  AT  ZERO  SPEED 
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FIGURE  9  TYPICAL  VARIATION  OF  LOCAL  N05SEET  NUMBERS  OVER  LEADING  AND 
TRAILING  SURFACES  (WtWARO  FLOW) 
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FIGURE  U  KAN  NUSSEI.T  NUMBERS  OVER  LEADING  AND  TRAILING  SURFACES  (INWARD  FLOW) 
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DISCUSSION 


M.Owvii,  UK 

The  inlet  and  exit  effects  create  larger  tlian  average  local  Nusselt  numbers  in  both  the  stationary  and  the  rotating  tubes 
(see ,  for  example.  Fig.?).  Were  these  effects  removed  from  the  average?  If  not,  why  is  the  agreement  between  the 
measured  ttverage  Nusselt  minibers  iuiil  the  Diltus-Boelter  equation,  shown  in  Fig.4,  so  go<«l? 

Author's  Reply 

On  Fig..S  a  nominal  Dittus-lfoclter  line  has  Itccn  included  only,  'ritis  was  an  oversight  and  the  means  did  in  reality 
conform  well  to  the  Dittus-Boeltcr  e<|uation  as  indicated  in  Rg.4. 


S.C.Arora,  Ca 

Most  internal  cooling  channels  employ  sonic  roughening  cicnieiits  such  as  ribs  and  pin  Hns.  Depending  on  the  type  and 
the  geometry  of  these  elements,  the  secondary  Hows  generated  in  the  channel  could  be  as  im|)ortHnt,  if  not  more,  than 
the  secondary  flows  due  to  forces  associated  with  rotation.  Is  it  not  possible  that  under  sucli  circumstances  tlie  effect  of 
roltition  cotdd  lie  very  snudi  or  negligible  iuul  of  no  concern  to  the  designer? 

Author's  Reply 

It  is  us  yet  unclear  as  to  how  the  Coriolis  and  centripetal  buoyancy  interact  to  generate  secondary  flows  within  a  rotating 
piissage.  The  influence  <if  rotation  as  a  whole  has  an  extremely  strong  effect  on  Iwth  the  local  and  hence  the  mean  levels 
of  heat  transfer.  Although  the  other  effects  (roughness/rib.s/piiis)  also  have  a  strong  influence  on  hetit  transfer,  we 
lielieve  that  rotation  may  be  e(|ually  importaiU. 


Additionaf  Comment  of  R  J.Ctifford 

ft  was  in  an  attempt  to  quantify  the  relative  im|x>rlancc  »>f  these  parameters  in  a  ‘real  engine'  geometry  that  the  work 
deserilK'd  in  his  paper  was  undertaken  by  KK.  'I'hesc  studies  had  clearly  indicated  that  in  ducts  witli  roughening  oevices, 
betids  tmd  non  uniform  cross  seelion.  rotation  had  a  signiricant  effect  on  the  lieal  transfer. 


D.K.Kcnnccke,  Ge 

You  presented  results  on  tlie  letiditig  and  trailing  sides  of  the  duet.  I  lave  you  also  measured  it  on  the  other  sides?  Arc 
you  tilaoning  to  change  the  angle  orieiilation  of  the  square  channel  to  the  direction  of  rotation? 

Author's  Reply 

We  have  measured  levels  of  heat  transfer  on  till  four  sid  I  the  sonare  duel.  Within  the  cxperitiieiiltd  iineertaiiity 
( I  OX)  we  could  find  no  difference  beiwccii  the  sidewall  nd  tlie  iding  side  witli  radially  omwtird  flow.  The  same 
liolds  for  the  sidcwtills  and  the  trailing  side  with  radially  mward  flow. 

A  new  program  of  work  is  currently  tinder  way  to  investigate  the  influence  of  orientation  on  the  heat  transfer. 
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PRESSURE  DROP  AND  HEAT  TRANSFER  CHARACTERISTICS  OF  CIRCULAR  AND  OBLONG 

- OT  ASPKrffATW  ?m  nKS - 


S,C,  Arora,  Staff  Analyst  and  U.  Abdnl  Masseh,  Supervisor 
Pratt  A  Whitney  Canada  Inc..  Longueull,  Quebec,  J4K  4X9.  Canada. 


SUniARY:  The  pressure  drop  and  heat  transfer  characteristics  of  circular  and  oblong  pin 

fins  of  helghc-to-dlanteter  ratio  of  unity  used  to  augement  Internal  cooling  of  gas  turbine 
airfoils  are  presented.  Data  were  obtained  for  an  array  of  10  rows  of  staggered  pin  fins  In  a 
2S:1  aspect  ratio  channel,  nlth  both  pins  and  channel  endwalls  forming  the  heat  transfer 
surface. 


Results  show  that  the  array  average  friction  factor  Increases  with  Increasing  blockage  caused 
by  different  arrangement  of  pin  fin  geometries  In  the  channel.  The  local  heat  transfer 
coefficient  Increases  up  to  the  3rd  row  of  pin  fins  and  decreases  thereafter.  Oblong  pin  fins 
with  y~go°  (major  axis  parallel  to  the  direction  of  Oow)  result  In  higher  heat  transfer  rates 
and  lower  friction  factor  than  the  circular  pin  fins.  For  other  orientations  (y  *  90“), 
oblong  pin  fins  do  not  offer  any  advantage  over  circular  pin  fins  for  Re  <  20,000  (typical  of 
small  gas  turbine  engines). 


Nomenclature 

J - 

B 

Cp 

D 

fr 

H 

h 

K 

k 

m 

N 

Nu 

P 

q 

Re 

$ 

T 

Wnax 

X 

X 

Y 

A 

U 


Streamwise  clearance  of  Pin  fins;  Heat  transfer  area 
Spanwise  clearance  of  Pin  Fins 
Specific  heat  of  air 

Diameter  of  circular  pins:  Minor  axis  of  oblong  pins 
dP  0 

Friction  factor;  fr  «  -  , 

dx  2p  V  max  ■ 

Pin  height;  Channel  height 
Convective  heat  transfer  coefficient 
Thermal  conductivity  of  air 
Thermal  conductivity  of  pin  material 
Mass  flow  rate 

Number  of  pin  rows  In  streamwise  direction 
hD 

Nusselt  number;  Nu  > _ 

K 

Pressure 
Heat  flux 

Reynolds  number;  Re  •  p  ttiax  p/p 
Pin  spacing  In  spanwise  direction 
Temperature 

Average  streamwise  velocity  at  the  minimum  flow  area 
Pin  spacing  In  streamwise  direction 
Axial  co-ordinate 

Angle  of  orientation  of  oblong  pin  fins 
Denotes  differential 
Fluid  dynamic  viscosity 
Fluid  density 

indicates  average  quantity 


Subscripts 

b  Bulk  average 
c  Circular  pins 
f  Film 

m  Mixing  Chamber 
0  Oblong  p'u 
s  Surface 


INTRUnUCTION:  It  is  common  knowledge  In  the  gas  turbine  field  that  In  order  to  increase  the 

thermodynamic  efficiency  and  power  output,  and  lower  the  weight  to  thrust  ratio  and  specific  fuel 
consumption.  It  Is  necessary  to  operate  the  turbine  at  higher  Inlet  temperatures.  This  increase  In 
temperature  leads  to  high  thermal  stresses,  accelerated  creep,  and  chemical  deterioration  and  because  of 
limited  capabilities  of  the  available  materials,  the  life  of  the  component  Is  generally  lowered. 
Therefore,  to  withstand  these  high  temperatures,  turbine  cemponents  must  be  maintained  at  acceptable 
temperature  levels  with  the  aid  of  a  suitable  cooling  method.  Cooling  Is  acnoippl 1  shed  by  feeding 
compressor  bleed  air  through  passages  inside  the  engine  to  the  turbine  area  where  the  air  is  led  to 
different  stages  of  hot  turbine  components. 


One  of  tiie  most  common  airfoil  cooling  schemes  Is  the  application  of  channel  flow  heat  transfer, 
augmented  with  pin  fins  of  circular  or  oblong  cross-section  (Figure  1  A  2).  For  gas  turbine  applicat  ons , 
the  height-to-diameter  (H/D)  ratio  of  pin  fins  is  generally  of  the  order  of  unity  whereas  the  majority  of 
published  work  deals  mainly  with  the  flow  and  heat  transfer  characteristics  of  rod  bundles  of  large  H/d 
ratios  (Ref.  1  A  2),  Some  recent  literature  (Ref,  3  A)  for  circular  pin  fins  has  shown  that  the  average 
heat  transfer  rates  from  shorter  pin  fins  arc  significant. y  lower  than  those  from  rod  bundles.  It  has  also 
been  reported  that  the  pin  height  to  diameter  ratio  Is  the  dominant  factor  In  determining  the  level  of 
array  averaged  heat  transfer  coefficients  (Ref.  7  A  8).  This  Implied  that  the  large  dat<'<  bank  obtained  for 
rod  bundles  could  not  be  directly  used  for  the  design  of  Internal  cooling  schemes  for  turbine  airfoils. 
Furthermore,  heat  transfer  from  an  array  of  pin  fins  Is  coni  -ailed  by  a  complex  flow  structure  dominated  by 
channel  endwalls  and  pin  fins.  Hence,  rod  bundle  data  (where  endwall  effects  are  negligible)  can  not  be 
easily  corrected  to  apply  to  gas  turbines  with  pin  fins  of  lolght-to-diameter  ratio  of  about  unity. 
Therefore,  to  understand  the  flow  mechanisms  associated  w'sh  short  pin  fins  and  to  characterize  the  heat 
transfer  process  for  airfoil  cooling  scheme  design.  It  is  necessary  to  test  large  number  of  pin  fin 
geometries.  This  Implies  a  large  number  of  test  sections  and  a  prohibitively  high  overall  cost. 
Alternatively,  the  test  section  <ou1d  be  designed  to  have  removable  pins,  whilst  not  sacrificing  the 
accuracy  of  heat  transfer  measurements. 
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Het2ger  and  Haley  (Ref.  6]  used  non-conducting  circular  pins  made  of  balsa  wood  epoxied  to  heated 
endwalls  (as  onposed  to  heat  conducting  pins  as  an  Integral  part  of  the  test  section)  to  obtain  the  heat 
transfer  rates  from  the  endwalls  only.  The  data  thus  gathered  were  used  to  evaluate  the  effects  of  array 
geometry.  Since  these  wood  pins  have  a  finite  thermal  conductivity  and  because  of  small  height  of  pins, 
their  thermal  conductance  is  not  negligible.  Therefore,  the  heat  transfer  data  Included  some  finite 
contribution,  though  not  quantified,  from  the  surface  of  pin  fins.  The  same  technique  was  also  used  by 
Metzger  et  a1  (Ref.  9)  to  evaluate  the  performance  of  pin  fins  of  oblong  cross-section.  The  experimentally 
obtained  data  were  analytically  corrected  on  the  basis  of  fin  analysis,  to  account  for  the  non-uniform 
temperature  1n  wood  pins.  A  ratio  of  hpi„/hendwa11  obtained  for  circular  pin  fins  using  the  data 
of  Ref,  S  and  6.  The  same  ratio  was  assumed  for  oblong  pin  fins,  though,  without  any  verification.  The 
fin  analysis  had  indirectly  assumed  absence  of  any  contact  resistance  between  the  copper  endwall  and  the 
wood  pins,  wuich  could  be  significant.  The  heat  transfer  data  obtain  with  wood  pins  may  provide  relative 
array  effects  but  can  not  be  used  with  confidence  for  yie  design  of  c  )11  cooling  schemes.  Since  there 
are  no  other  available  data  in  the  published  literature  on  the  heat  transfer  characteristics  of  oblong  pin 
fins,  the  validity  of  Metzger's  et  al's  data  (Ref.  9)  obtained  with  wood  pin  fins  can  not  be  verified. 

Arora  and  Abdel -Hesseh  (Ref.  10)  presented  another  flexible  test  technique  to  obtain  good  quality  heat 
transfer  data  for  different  arrays  of  conducting  pin  fins  in  the  same  test  section,  thereby  significantly 
reducing  the  cost  of  experimental  set  up.  The  technique  involves  the  use  of  high  conductivity 
micro-electronics  grade  silver  based  epoxy  (Ka22.5H/m''C)  to  bond  the  pins  (made  of  conductive  material)  to 
the  endwalls  of  the  test  section.  The  study  had  shown  that  It  introduces  a  temperature  drop  across  a  thin 
layer  of  epoxy  (-.OOS-.OOb  cm]  between  the  copper  pin  and  the  endwalls  of  less  than  If  of  the  heat 
transfer  surface  temperature.  The  resulting  local  (row-by-row)  and  array  averaged  heat  transfer  data 
showed  excellent  agreement  with  the  previously  published  data.  Thus  no  correction  was  required  to  the 
measured  data.  This  technique  was  used  in  the  present  study  to  obtain  the  heat  transfer  and  the  pressure 
drop  data. 

The  geometrical  parameters  of  circular  and  oblong  pin  fin  arrays  (Figure  2)  tested  in  this  study  are 
listed  in  Table  1.  These  geometries  were  selected  such  that  the  respective  axial  (A/D)  and  transverse 
(B/D)  clearances  between  circular  and  oblong  pin  fins  were  similar.  This  permitted  diiect  comparison  of 
the  pressure  drop  and  the  heat  transfer  characteristics  of  the  pin  fins  of  both  cross  sections.  The  oblong 
pins  have  semi -circular  ends  and  a  cross-sectional  length  along  the  major  axis  of  twice  the  end  diameter 
(Figure  2),  Ten  rows  of  pins  in  the  direction  of  flow  were  employed  in  all  tests  as  shown  in  Figure  3. 
Because  of  the  staggered  arrangement  of  pin  fins,  the  even  numbered  rows  had  one  less  pin  than  the  odd 
numbered  rows.  In  addition,  the  axial  spacing  (X/D)  of  the  pin  fin  geometries  tested  in  this  Study  was 
such  that  there  was  always  a  blank  (smooth)  slab  in  between  two  successive  rows  of  pins, 

EXPEHIHEHTAL  DETAILS  A  schematic  layout  of  the  heat  transfer  test  rig  used  1n  pin  fin  experiments  is 
shown  In  Figure  4.  Compressed  air  is  fed  to  the  rig  through  a  3.8  cm  diameter  supply  line  which  also 
houses  on  orifice  meter  to  measure  the  mass  flow  rate.  Air  then  passes  through  a  plenum  chamber  (10.16  cm 
X  30.48  cm)  equipped  with  a  hdneycomb  and  screens  to  settle  the  flow  before  the  contraction  nozzle. 

The  entrance  duct  upstream  of  tho  test  section  has  the  same  cross  tection  (.51  cm  x  12.7  cm)  as  the 
test  section,  and  is  over  50  hydraulic  diameters  long  to  provide  a  fully  developed  velocity  profile  at  the 
entrance  to  the  test  section.  Static  pressure  holes  are  drilled  at  8  locations  (4  each  on  top  and  bottom 
walls)  to  measure  the  pressure  distribution.  The  entrance  duct  is  heated  to  the  same  temperature  as  the 
test  section  for  simultaneous  development  of  the  thermal  boundary  layer.  Air  after  the  test  section  passes 
through  a  smooth  channel  (of  same  cross-section)  to  avoid  any  "exit  effects".  Thereafter,  it  enters  the 
mixing  chamber  where  its  bulk  average  temperature  is  measured.  The  air  then  passes  through  another  orifir.a 
plate  before  being  discharged  to  the  atmosphere.  Tne  second  orifice  plate  is  used  to  verify  the  mass  flow 
rate  and  to  ensure  that  there  is  no  leakage  from  the  rig.  The  complete  test  assembly  from  the  plenum 
chamber  to  the  mixing  chamber  is  insulated  with  about  6  cm  thick  layer  of  kao  wool  to  minimize  any 
conduction  losses  during  the  heat  transfer  testing. 

The  top  and  bottom  walls  of  the  test  Section  (Figure  5)  consisted  of  39  copper  slabs  (Figure  3)  of 
which  only  29  were  fully  instrumented.  Each  slab  measured  .635  cm  long  in  the  direction  of  flow,  12.7  cm 
wide  and  1.27  cm  thick.  The  copper  slabs  were  separated  from  each  other  by  ,035  cm  thick  etched  teflon 
sheet  cemented  to  the  copper  slabs  to  thermally  isolate  each  endwall  segment.  Each  copper  slab  had  2 
copper  constantan  thermocouples  to  monitor  its  temperature  during  testing.  A  .318  cm  square  cartridge 
heater  located  at  the  back  of  each  slab  (Figure  6)  was  used  as  a  heat  source.  The  top  and  bottom  heaters 
were  connected  in  parallel  and  controlled  by  automatic/manual  a.c.  power  controllers.  Therefore,  only  the 
total  power  supplied  to  the  two  copper  slabs  as  a  unit  was  measured.  The  top  and  bottom  walls  were 
maintained  at  a  constant  channel  height  of  .51  cm  by  two  units  of  spacers  (one  for  each  side),  which  also 
formed  ;,he  side  walls  of  the  test  section.  These  sidewall  units  (spacers)  were  machined  from  phenolic 
laminated  plastic  with  special  cere.  The  channel  height  of  the  assembled  smooth  wail  (without  pins)  test 
section  was  measured  to  be  .51  t  .012  cm,  thus  suggesting  a  step  (roughness)  of  s  .006  cm  on  each  wall. 

This  was  within  the  sublayer  thickness  and  therefore  tho  top  and  the  bottom  walls  were  considered  to  be 
hydraulically  smooth.  Thirty  static  pressure  holes  of  .12  cm  diameter  (one  per  endwall  unit  of  top  and 
bottom  copper  slabs)  were  drilled  through  both  spacer  side  wall  units.  The  heater  and  thermocouple  leads 
also  passed  through  the  spacer  and  were  then  connected  to  multi -pin  connectors  for  quick  assembly  and 
disassembly  of  the  test  section. 

Special  jigs  were  designed  to  locate  copper  pins  at  desired  locations  on  endwall  slabs.  A  thin  layer 
(-.095  -  .0U6  cm  thick)  of  the  UNISET's  C-805-1  silver  filled  micro-electronics  grade  conductive  epoxy 
(Ref,  10)  was  applied  at  both  ends  of  the  pins  prior  to  positioning  them  between  the  copper  slabs  in  the 
jig.  The  whole  assembly  was  then  placed  In  an  oven  at  ISO’C  for  1  hour  to  cure  the  epoxy  bond.  Ten  units 
of  copper  slabs  were  mounted  with  pins  to  provide  10  rows  of  pin  fins.  However,  no  pins  were  mounted  on 
the  first  3  slabs  to  avoid  'end  effect'. 

The  heat  transfer  tests  were  carried  out  at  steady  state  by  maintaining  endwalls  at  a  constant  surface 
temperature  ("71°C)  by  varying  the  power  input  to  heaters.  The  istthermal  condition  of  endwall  segments 
1  to  29  was  generally  maintained  to  within  l  .S'C,  however,  the  temperature  of  two  adjoining  slabs  was 
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maintained  to  within  t  .Id'C. 

The  heat  transfer  coefficient,  h,  for  each  segment  (top  6  bottom  copper  slabs  with  or  without  pins) 
was  obtained  from  the  total  power  supplied  (q)  to  the  top  and  the  bottom  slab  heaters  corrected  for 
conduction  losses  from  the  back  ends  of  the  segments  and  for  inter  segiaent  conduction  across  the  teflon 
insulation.  The  inter-segment  losses  were  calculated  for  each  test  run  and  were  generally  small.  The  back 
losses  were  measured  experimentally  and  varied  from  about  2  to  10  percent  depending  on  test  Reynolds 
number.  Then  using  the  temperature  difference  between  the  segment  surface,  Ts,  and  the  air  flowing  over  as 
the  driving  potent'ai,  the  heat  transfer  coefficients  were  calculated  as; 


A  (Ts-Th) 

The  heat  transfer  area.  A,  for  all  experiments  was  the  actual  copper  surface  area  (pin  *  ehdwaU) 
exposed  to  the  flow.  The  local  bulk  average  temperature,  Tj,,  as  a  function  of  streamwise  endwall  segment 
position,  was  determined  in  the  present  experiment  from  an  energy  balance.  The  air  temperature  measured  in 
the  mixing  chamber  (Tp,;,)  was  taken  as  the  bulk  average  temperature  at  the  end  of  slab  no.  29.  Working 
towards  the  upstream  end  of  the  test  section,  the  bulk  teinperature  for  use  with  the  jth  segment  is 
calculated  as: 


1  ^ 

j*1*l  m  Cp 


for  j  K  29 


where  Cp  was  evaluated  at  the  film  temperature.  Since  the  specific  heat,  Cp,  to  be  input  in  equation  2 
should  be  at  true  Tp  which  is  initially  unknown,  the  first  approximation  of  Cp  may  not  be  correct. 
Therefore,  2  iterations  were  carried  out  to  properly  calculate  the  segment  bulk  average  temperature.  The 
calculated  air  temperature  at  the  inlet  to  the  rig  using  this  procedure  differed  from  the  measured 
temperature  by  less  than  l.St, 

The  measured  heat  transfer  coefficients  are  reported  in  terms  of  Nusselt  number,  tiu,  defined  as: 


The  heat  transferred  from  the  blank  endwall  segment  between  two  successive  pin  rows  was  integrated 
with  the  segments  having  pins.  One  half  of  the  endwall  was  integrated  with  the  upstream  row  of  the  pins 
and  the  other  half  with  the  downstream  row. 

Reynolds  numbers  in  the  channel  were  calculated  on  the  basis  of  pin  diameter  and  the  flow  velocities 
using  the  minimum  flow  area: 


where  u  was  evaluated  at  the  first  row  of  pin  fins.  The  friction  factor  for  the  pin  arrays  was 
estimated  as: 

dp  D 

fr  •  — - -  (5) 

dx  2p  V  max 

where  dP/dx  is  the  pressure  gradient  through  the  pin  fin  array. 

Metzger  et  al  (Ref.  5  4  9)  used  the  following  definition  to  compute  the  array  friction  factors; 


where  il  is  the  number  uf  pin  fin  rows  in  the  array.  This  definition,  however,  does  not  take  into 
consideration  the  length  of  the  test  section  over  wtileh  the  given  number  of  pin  rows  are  located  (i.e. 
axial  pitch  of  the  pin  rows).  Therefore,  this  definition  was  not  used  in  this  study  and  the  pressure  drop 
data  were  reduced  using  the  definition  of  equation  5. 

All  relevant  properties  (k,  p,  p)  were  evaluated  at  the  film  temperature  (Tf),  defined  as: 

T.  .  ^  *  "fb 


The  experimental  uncertainty  was  estimated,  using  the  method  of  Kline  and  HcClintok  (Ref.  11),  to  be  ± 
2.5X  on  Re,  ±  a.SX  on  fr  and  t  5%  on  Nu. 

RESULTS  AMO  DISCUSSION:  Heat  Transfer:  The  average  NusseTt  number  (16)  distribution  for  circular 
pin  arrays  is  shown  in  Figure  7~as  a  function  of  Reynolds  number.  The  experimental  test  data  were 
integrated  (area  weighted  average)  over  an  area  extending  X/2  (half  of  axial  p1i;ch)  distance  before  the 
first  and  after  the  last  row  of  pin  fins  (Fig.  3). 
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Figure  7  also  shows  i  line  representing  the  10  row  array  average  heat  transfer  data  of  Metzger  et  al 
(Ref.  5)  for  somewhat  similar  pin  fin  geotnetry.  In  order  to  compare  the  two  data  sets,  possible 
contribution  due  to  variation  in  geometric  parameters  (S/D,  X/D  and  H/D)  must  he  kept  in  mind.  Though  H/D 
is  an  important  variable,  it  can  be  assumed  that  the  small  differences  present  in  these  two  studies  will 
not  have  significant  effect  on  array  average  Nu.  To  estimate  the  effect  of  a!<ial  (X)  and  lateral  (S) 
pitches  on  average  Nusselt  numbers,  Zukauskas  (Kef.  1)  proposed  the  following  correlatitn  for  trrays  of 
targe  cylinders; 

Tiuc  =  0.35  (S/X)-*  Re*^  "r-^®  (8) 

for  10*  ^  Re  <  2  X  10*  and  S/X  <2.  Assuming  the  same  dependency  on  S/X,  the  Nusselt  numbers  for  arrays 
tested  in  the  present  study  should  be  about  3-6%  lower  than  Chat  of  Metzger  et  al  .  Generally,  the  data 
(Figure  7)  are  in  agreement  with  this  observation,  however,  some  data  points  indicate  larger  deviations  but 
are  within  the  experimental  uncertainity  of  the  tests. 

It  is  interesting  to  note  that  the  present  data  were  obtained  by  epoxing  the  copper  pins  to  copper 
endwalls,  whereas  the  data  of  Ref.  5  were  obtained  by  fixing  the  copper  pins  through  interference  fit  in 
holes  drilled  in  copper  endwalls.  Thus  in  both  these  studies,  the  endwalls  and  the  pin  surfaces  both 
formed  the  heat  transfer  surface  and  the  resulting  data  show  good  agreement  with  aach  other. 

The  row-to-row  distribution  of  the  local  Nusselt  numbers  for  circular  pin  fins  is  shown  in  Figure  8. 
The  plotted  local  Nusselt  number  has  been  normalized  with  the  array  average  data  of  Figure  7.  The  results 

show  that  the  normalized  Nur/flut  is  the  samp  (within  the  range  of  normal  data  scatter)  for  all  3  pin 

fin  array  geometries.  The  local  Nusslet  number  increases  up  to  the  3rd  inw  and  decreases  gradually 
thereafter.  This  behavior  is  similar  to  that  reported  by  Metzger  et  al  (Kef.  5).  Although  the  local  to 
array  average  Nusselt  number  ratios  plotted  in  Figure  8  are  for  one  value  of  Reynolds  number  for  each 
array,  a  similar  behavior  was  observed  at  other  Reynolds  numbers  as  well. 

The  array  averaged  and  the  normalized  row-by-row  Nusselt  number  distribution  for  ablong  pin  fins  is 
shown  in  Figures  9  4  10  respectively.  The  ratio  of  local  to  array  average  Nusselt  number  (Fig.  10)  shows 
higher  scatter  than  the  corresponding  circular  pin  fin  data.  However,  the  scatter  appears  to  be  random  in 
nature  and  does  not  exhibit  any  definite  pattern.  Thus,  it  can  be  concluded  that  the  normalized  row-by-row 
heat  transfer  behavior  of  oblong  pin  fins  is  also  independent  of  the  array  geometry  as  the  data  tend  to 

collapse  onto  a  single  curve.  Similar  to  circular  pin  fins,  the  heat  transfer  coefficient  increases  to 

about  the  3rd  row  and  decreases  thereafter.  Though  data  shown  in  Figure  10  is  only  for  one  value  of 
Reynolds  number  for  each  array,  a  similar  behavior  was  observed  at  other  values  of  Reynolds  numbers  as 
well . 

The  array  average  Nusselt  numbers  for  different  geometries  of  oblong  pin  fins  (Figure  10)  do  not  show 
any  significantly  large  differences.  However,  this  does  not  imply  that  the  angle  of  orientation  (y)  is  nof 
an  important  parameter,  as  the  plotted  data  represent  wide  differences  in  geometrical  parameters  (A/D  and 
B/D)  as  well.  The  effect  of  angle  of  orientation  (y)  will  be  discussed  later  while  evaluating  the  relativ 
performance  of  oblong  and  circular  pin  fins. 

Friction  Factor;  A  typical  streamwise  pressure  distribution  for  one  of  the  circular  pin  fin  arrays  is 
shown  in  figure  ll.  The  ordinate  in  the  figure  is  the  differential  pressure  (ap  >=  Ppgf  -  P)  between 
pressure  (P)  at  any  location  in  the  test  section  and  the  reference  pressure  (Ppef)  IR  entrance  duct. 

The  abscissa  is  the  streamwise  distance  in  the  test  section  normalized  with  the  hydraulic  diameter  of  the 
smooth  channel  (Of,  •  .977  cm).  There  are  20  pressure  readings  corresponding  to  10  rows  of  pin  fins, 
i.e.  two  readings  for  each  row.  One  set  of  readings  is  taken  at  the  location  correspond., ig  to  the  row  of 
pin  fins  and  the  2nd  in  between  two  rows  of  pin  fins.  Similar  pressure  data  profiles  were  prepared  for 
every  test  run  and  linear  regression  analysis  was  carried  out  to  obtain  the  best  fit  line  and  slope  of  the 
data  (dP/dx)  required  in  equation  5  to  compute  the  array  friction  factors.  The  friction  factors  thus 
computed  are  shown  In  Figures  12  4  13  for  circular  and  oblong  pin  fins  respectively.  One  set  of  pressure 
data  for  oblong  pin  fins  (for  y  "  0”)  was  lost  during  data  transfer  from  the  G.A,  computer  (used  to  collect 
the  data  from  the  rig)  to  the  main  frame  computer  (used  for  analysis  of  the  data)  and  is  therefore  not 
shown  in  Figure  13. 

The  results  show  that  the  friction  factors  for  both  arrays  of  pin  fins  decrease  with  increasing 
Reynolds  numbers.  For  circular  pin  fins  the  friction  factor  for  two  arrays  with  X/0  =  2.83  with  slightly 
different  S/D  (Fig.  12)  are  equal,  and  higher  than  for  the  array  with  X/D  '  3.39.  The  difference  between 
the  two  curves  increases  with  Increasing  Re.  However  the  data  for  the  array  at  X/D  =  3.39  decreases  at  a 
faster  rate  than  the  data  for  the  array  at  X/D  =■  2.83. 

In  case  of  oblong  pin  fins,  the  friction  factor  is  minimum  for  the  array  with  y  =  90“  and  increases 
with  decreasing  angle  of  orientation.  However,  the  friction  factor  for  arrays  with  y  -  45'  &  30'  arc 
similar. Though  the  friction  factors  for  the  array  with  y  =  0'  are  not  presented  but  are  expected  to  be 
highest  as  this  pin  fin  geometry  would  offer  the  maximum  blockage  to  the  flow. 

Relative  Performance  of  Oblong  Pin  tins:  To  evaluate  the  relative  performance  of  tie  oblong  pin  fins, 
the  average  fiusselt  numoers'  (Nu)  and  frtetior.  factors  for  oblong  pin  fins  were  normalized  by  those  for 
circular  pin  fins  of  comparable  axial  (A/D)  and  lateral  (B/D)  spacings.  The  normalized  data  are  shown  in 
Figures  14  and  15.  The  comparison  of  two  arrays  is  based  on  the  fact  that  the  arrangement  of  circular  and 
oblong  pins  resulted  in  about  the  same  open  area  for  coolant  flow  in  the  channel.  However,  the  small 
differences  that  do  exist  between  some  of  the  corresponding  circular  and  oblong  pin  fins  (Table  1)  are  not 
expected  to  significantly  alter  the  .vsulting  findings  on  the  relative  heat  transfer  and  pressure  drop 
performance  of  the  arrays. 

The  normalized  heat  transfer  c  efficients  (Ruo/Ruc),  oblong  over  circular  pin  Nusselt  numbers. 
Increases  with  increasing  Reynolds  number  (Figure  14)  and  is  generally  greater  than  unity  for  Re  >  20,000. 
This  ratio  of  the  two  heat  transfer  coefficients  for  Re  >  20,000  is  maximum  for  the  array  with  y  =  45"  and 
minimum  for  the  array  with  y  “  30'  and  the  other  two  configurations  fall  in  between.  This  suggests  that 
for  design  applications  with  high  Reynolds  numbers,  the  oblong  pin  fins  can  be  used  to  provide  high  heat 
transfer  augmentation  for  the  coolant  side  than  the  corresponding  circular  pin  fins.  However,  for  Reynolds 
numbers  less  than  20,000,  the  performance  of  oblong  pins  with  y  =■  0'  (resulting  in  maximum  blockage)  is 
significantly  lower  whereas  that  of  pins  with  y  =  90'  (resulting  in  minimum  blockage  is  slightly  better 
than  or  equal  to  that  of  circular  pins.  It  is  aisc  observed  that  for  He  S  20,000,  the  ratio  Ruo/lluc  for 
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arrays  with  y  =  30"  i  45°  is  nearly  equal  and  only  slightly  lower  than  for  the  array  with  y  =  90". 

Ihe  average  heat  transfer  coefficient  for  the  channel  with  pin  fins  is  a  function  of  the  heat  transfer 

rates  from  the  pin  and  the  cndwalls,  which  are  in  turn  governed  by  the  associated  structure  of  the  flow. 

The  upper  and  lower  sides  of  the  pins  experience  boundary  layer  flow  whereas  the  rear  portion  is  washed  by 

the  separated  flow.  The  formation  of  boundary  layer  will  be  symmetrical  on  the  upper  and  lower  surfaces  of 
the  oblong  pins  for  arrays  with  y  ■=  O"  and  90“  and  will  be  asymmetrical  for  y  »  30“  S  45".  A  so  called 

'separation  bubble*  may  also  be  present  on  the  pin  surface,  and  the  separated  shear  layer  may  re-attach  as 

laminar  or  turbulent  or  may  not  re-attach  at  all  depending  on  the  angle  y  and  the  Reynolds  number.  The 
size  of  the  separated  region  at  the  rear  and  the  wake  behind  the  pin  would  also  depend  on  the  angle  of 
orientation  (y)  of  oblong  pins.  The  wake  is  expected  to  be  largest  for  the  array  with  y  0°  (maximum 
blockage)  and  minimum  for  y  “  90"  (minimum  blockage).  The  channel  flow  region  that  exists  in  between  the 
pin  will  decrease  with  increasing  wake  size.  Since,  the  overall  heat  transfer  rate  is  a  result  of  complex 
interaction  of  different  flow  phenomena  in  the  channel  dominated  by  the  angle  y  and  the  Re,  It  is  not 
surprising  that  the  Huo/Kuc  ratio  (Figure  14)  shows  a  dependency  on  y  and  Re  as  well. 

The  ratio  of  the  friction  factors  (fro/fre)  is  shown  in  Figure  15.  The  oblong  pin  array  geometry  with 
y  “  90"  has  friction  factors  which  are  lower  than  the  corresponding  circular  pin  fins,  though  tne 
difference  decreases  with  increasing  Re.  This  is  because  of  the  streamlining  of  the  pins  with  the 

direction  of  flow  thereby  minimizing  the  blockage  and  the  size  of  the  wake.  The  friction  factor  for  oblong 

pins  at  Y  30"  &  45°  is  significantly  higher  than  the  circular  pins,  and  again  the  difference  decreases 
with  increasing  Re.  At  y  »  0“,  the  friction  factor  though  not  shown  would  be  highest  because  of  maximum 
flow  blockage  offered  by  the  pins.  It  is  interesting  to  note  that  the  oblong  pin  fin  array  with  y  -  go" 
also  resulted  in  better  heat  transfer  performance  compared  to  arrays  with  y  <=  30"  i  45°  for  Re  £  20.000. 
This  characteristic  is  also  apparent  in  Figure  16  where  the  Nusselt  number  ratio  (1)uo/fIuc)  is  plotted 
against  the  friction  factor  ratio  (fro/fre)  for  one  value  of  Re  »  20,000.  These  results  (Figures  14  -  16) 
show  that  the  oblong  pin  fins  with  y  ■=  90°  result  in  higher  heat  transfer  rate  with  lower  friction  factors 
than  circular  pin  fins  with  the  same  open  area.  Arrays  with  other  values  of  orientation  angle  (y)  result 
in  higher  heat  transfer  rate  only  at  Re>  20,000  but  at  substantially  higher  friction  factors.  For  Re 
20,000,  the  oblong  pin  fins  with  y  -  90°  are  beneficial  because  of  lower  friction  factors  with  same  or 
slightly  higher  heat  transfer  rates  than  the  circular  pin  fins. 

Metzger  et  a1  (Ref.  9)  also  showed  that  the  oblong  pin  fins  with  y  =  90"  result  in  lower  friction 
factor  than  the  arrays  with  other  values  of  y  as  well  as  the  circular  pin  fins  of  comparable  geometry, 
ikiwever,  their  data  also  show  that  the  Nusselt  number  ratio  Kuo/Tluc  is  lowest  (less  than  unity)  for  the 
array  with  y  «  90“  (Figure  17).  The  friction  factor  results  of  the  present  study  are  in  agreement  with 
Ref.  9,  but  the  heat  transfer  data  for  oblong  pin  fins  are  not.  This  is  thought  to  be  related  to  the 
experimental  test  technique  used  to  obtain  the  two  heat  transfer  data  sets.  In  the  present  study,  endwall 

and  the  pins  were  both  made  of  conducting  material  and  thus  forming  the  heat  transfer  surface.  !n  the  test 

set  up  of  Ref.  9,  the  pins  were  made  of  wood  and  the  transfer  of  heat  to  air  flowing  in  the  channel  was 
mainly  from  the  conducting  endwalV,,  Since  the  test  set  up  used  in  the  present  study  realistically 
simulates  the  heat  transfer  phenomenon  in  channel  with  pins,  it  can  be  concluded  that  the  results  of  the 
present  study  for  oblong  pins  are  more  accurate  and  thus  reliable  for  design  applications. 

COttCLUSIONS!  The  heat  transfer  and  pressure  drop  characteristics  of  circular  and  oblong  pin  fins 

were  measured  experimentally  in  a  test  set  up  with  both  the  endwalls  and  the  pins  forming  the  heat  transfer 

surface.  For  small  gas  turbine  applications  (Re  ^  20,000)  the  oblong  pin  fins  with  angle  of  orientation 
(y)  equal  to  90"  (major  axis  aligned  with  the  direction  of  flow)  result  in  higher  heat  transfer  coefficient 
and  lower  friction  factors  than  the  circular  pin  fins.  For  other  values  of  y,  the  oblong  pin  fins  do  not 
provide  any  significant  advantage  over  circular  pin  fins.  However,  for  applications  where  large  pressure 
drops  are  needed,  use  of  oblong  pin  fins  may  be  desirable. 

REFERENCES: 

1.  Zukauskas,  A.,  "Heat  Transfer  from  Tubes  in  Lossflow,"  Advances  in  Meat  Transfer,  8,  1972,  pp  93-lGO. 

2.  Morgan,  V.T.,  "The  Overall  Convective  Heat  Transfer  from  Smooth  Circular  Cylinders,"  Advances  in  Heat 
Transfer,  11,  1975,  pp  199-264, 

3.  Theoclltus,  G.,  "Heat  Transfer  and  Flow  Friction  Characteristics  of  Mine  Pin  Fin  Surfaces,"  Journal  of 
Heat  Transfer,  1966,  pp  383-390. 

4.  VanFossen,  G.J.,  "Heat  Transfer  Coefficients  for  Staggered  Arrays  of  Short  Pin  Fins,"  ASHE  Paper  No. 
81-GT-75,  March  1981. 

5.  Metzger,  O.E.,  Berry,  R.A.,  and  Bronson,  J.P.,  "Developing  HeatTransfer  in  Rectangular  Ducts  with 
Arrays  of  Short  Pin  Fins,"  ASHE  Paper  No.  81-WA/HT-6,  November  1981. 

6.  Metzger,  D.E.,  and  Haley.  S.H,,  "Heat  Transfer  Experiments  and  Flow  Visualization  for  Arrays  of  Short 
Fin  Fins,"  ASHE  No.  82-GI  138,  April  1982. 

7.  Dringham,  B.A.,  and  VanFossen,  G.,1,,  “Length  to  Diameter  Ratio  and  Row  Number  Effects  in  Short  Pin  Fin 
heat  Transfer,"  ASME  paper  No.  83-GT-54,  March  1983. 

B.  Peng,  Y.,  "Heat  Transfer  and  Friction  Loss  Characteristics  of  Pin  Fin  Cooling  Configuration,"  ASHE 
Paper  No.  83-GT-123,  March  1983. 

9.  Metzger,  O.E.,  Fan,  C.S.  and  Haley,  S.H.,  "Effects  of  Pin  Shape  and  Array  Orientation  on  Heat  Transfer 
and  Pressure  Loss  in  Pin  Fin  Arrays,"  ASME  Paper  No.  83-GTJ-l,  1983. 

10.  Arora,  S.C,  and  Abdel  Musseh,  H.,  "Heat  Transfer  Experiments  in  High  Aspect  Ratio  Rectangular  Channel 
with  Epoxied  Short  Pin  Fins,"  ASME  Paper  No.  83-GT-57.  March  1983. 

11.  Kline,  S.J.  and  McClintock,  F.A.,  "Describing  Uncerta  Ini  ties  in  Single  Sample  Experiments,"  Mechanical 
Engineering,  75,  January  1953,  pp  3-8. 


TABLE  1 


PIN  FIN  AHRAY  TEST  CONF I  SURAT  1 ONS 


Circular  Pi 

Test  f 

I’ns* 

VO 

m 

H/D 

S/X 

bll 

8/0 

0. inches 

1 

2.22 

2.83 

1.07 

.78 

1.83 

1.22 

.1875 

2 

2.42 

2.83 

1.07 

.86 

1.83 

1.42 

.1875 

3 

2.46 

3.39 

1.28 

.73 

2.39 

1.46 

.1562 

Oblonq  Pin 

Test  # 

Fins* 

ll 

S/D 

X/D 

H/D 

A/D 

B/D 

0. inches 

1 

0 

3.33 

2.83 

1.07 

1.83 

1.33 

.1375 

2 

30 

2.96 

2.83 

1.07 

U83 

1.23 

.1875 

3 

45 

2.91 

3.08 

1.16 

1.67 

1.60 

.1719 

4 

90 

2.50 

4.24 

1.6 

2.24 

1.50 

.125 

For  nomenclature,  sec  Figure  2 


A,  Stator  airtoil  cross  section 


B.  Rotor  airfoil  crosc  section 
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figure  1.  P^N  hn  pressure  turbine  airfoils 


i 


i 


I 


i 


FIGURE  6.  TEST  SECTION  DETAILS 
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FIGURE  9:  Nu  vs  Re  FOR  OBLONG  PEDESTALS 
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FIGURE  10:  Nu/Ru  FOR  OBLONG  PIN  FINS 
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FIGURE  11:  STREAM  WISE  PRESSURE  DISTRIBUTION  FOR  CIRCULAR  PIN  FINS 
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FIGURE  12;  DISTRIBUTION  OF  FRICTION  FACTORS  FOR  CIRCULAR  PIN  FINS 
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FIGURE  13;  fr  VS  Re  FOR  OBLONG  PIN  FINS 
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FIGURE  14;  HEAT  TRANSFER  CHARACTERISTICS  OF  OBLONG  PIN  FINS 
RELATIVE  TO  CIRCULAR  PIN  FINS 
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FIGURE  15:  FRICTION  FACTOR  CHARACTERISTICS  OF  OBLONG  PIN  FINS 
RELATIVE  TO  CIRCULAR  PIN  FINS 
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fig;  IRE  16;  RELATIVE  HEAT  TRANSFER  vs.  FRICTION  FACTOR 
PERFORMANCE  OF  PIN  FIN  ARRAYS 
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DISCUSSION  - 

I 

D.K.Hciiiirckc,  Gc 

You  pn-semud  for  one  geometry  of  the  ohloiig  pin  fins.  On  which  basis  diet  you  select  this  geonictry  iutd  arc  you 

planning  to  investigiitc  dirfcreni  geotnetrics  in  order  to  find  the  optinuiin  geometry  firr  heat  transfer  and  pressure  drop?  ^ 

Author's  Reply 

Some  of  the  e.xisting  hai  dware  uses  this  geometry  of  oblong  jrin  fins,  which  wiis  used  to  provide  increased  strueiural 
sarength  to  the  airfoil  trailing  edge.  The  present  study  was  uiulcrtaken  to  obtain  the  necessary  desien  data.  At  present, 
we  have  no  plans  to  test  any  other  geometry  of  oblong  pin  fins. 
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SUMMARY 

The  paper  deals  with  an  experimental  investigation  of  the  effects  of  Mach  number,  Reynolds  number  and 
free  stream  turbulence  intensity  on  the  heat  transfer  performance  of  a  high  pressure  gas  turbine  rotor  blade 
in  a  stationary  linear  cascade  arrangement.  .  This  study  was  undertaken  in  the  VKI  short  duration  isentropic 
compression  tube  facility.  The  tests  were  performed  for  outlet  Mach  numbers  ranging  between  0.7  and  1, 
whereas  the  outlet  Reynolds  number  was  varied  between  600.000  and  1.500.000;  free  stream  turbulence  levels 
between  IS  and  nearly  B%  were  considered.  The  experimental  results  were  compared  with  boundary  layer  pre¬ 
dictions  provided  by  a  finite  difference  program  (STAN5),  which  solves  the  simplified,  two  dimensional, 
steady  Navier-Stokes  equations. 


LIST  OF  SYMBOLS 

A*/B  calibration  coefficient  of  the  analog  circuits 
Eo  thin  film  gauge  reference  voltage 

h  heat  transfer  coefficient 

s.  mixing  length 

M  Mach  number 

p  pressure 

q''  wall  heat  flux 

R  radius  of  curvature 

Re  Reynolds  number 

Ri  Richardson  number 

Ro  thin  film  gauge  resistance 

s  curvilinear  coordinate  measured  along  the  blade 

T  temnerature 

t  time 

lu  turbulence  intensity 

4N  digitized  raw  heat  transfer  signal 

oR/aT  thin  film  gauge  resistance/temperature  ratio 

Up  thin  film  temperature  coefficient  =  -- 

Ro  AT 

6  boundary  layer  thickness 

e  boundary  layer  momentum  thickness 

Y _  ratio  of  specific  heats  (1.4) 

v/pck  substrate  thermal  nroduct 


Subscripts 

0  total  condition 

2  downstream  condition 

w  condition  at  the  wall 

cal  calibration  condition 

”  free  stream  condition 


1.  INTRODUCTION 

In  the  quest  for  better  performance,  gas  turbine  aero-engines  are  being  designed  to  operate  at  ever- 
increasing  levels  of  pressure  ratio  and  turbine  gas  temperature  I  1) .  This  frequently  results  in  the  require¬ 
ment  for  a  highly  cooled  two  stage  high  pressure  (hP)  turbine.  The  optimization  or  such  a  turbine  involves 
the  study  of  many  parameters  such  as  rim  speed,  hub/tip  radius,  flow  coefficient,  work  split  between  stages. 
This  last  parameter  provides  interesting  possibilities  from  the  blade  cooling  point  of  view.  It  influences 
both  the  gas  temperatures  and  the  insulating  effect  of  the  blade  external  boundary  layers  (due  to  the  change 
in  blade  velocity  distribution  required  for  a  variation  in  stage  work).  An  accurate  knowledge  of  the  varia¬ 
tion  of  convective  external  heat  transfer  with  changing  stage  work  split  is  therefore  necessary  to  optimize 
cooled  two  stage  HP  turbines. 

An  experiiiieiiUJ  program  at  VKI  was  formulated  to  measure  the  external  heat  transfer  performance  of  two 
HPl  turbine  rotor  blade  profiles,  representative  of  high  and  low  first  stage  work.  This  work  is  in  support 
Of  the  Rolls-Royce  HITECH  Advanced  Engineering  Progranme. 
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This  paper  deals  only  with  the  first  'high  work'  rotor  blade  and  has  two  objectives.  Firstly,  to  present 
detailed  velocity  and  heat  transfer  data,  measured  in  the  VKI  isentropic  compression  tube  facility,  around 
the  blade  profile,  mounted  in  a  6  blade,  stationary,  linear  cascade  arrangement.  The  measurements  were 
taken  at  a  wall  to  free  stream  temperature  ratio  and  range  of  Mach  and  Reynolds  nun^bers  representative  of 
hot  engine  conditions.  The  second  objective  is  to  present  a  comparison  of  measured  and  predicted  heat 
transfer  coefficient  distributions  around  the  blade  profile.  The  predictions  were  obtained  from  a  two  dimen 
sional,  compressible  boundary  layer  code  (5TAH5),  with  developments  at  VKI  to  take  into  account  the  stream- 
wise  curvature  effects. 


2.  EXhERlMF.NTAL  APPARATUS 

2.1  Tost  facility 

A  short  duration  measurement  technique  was  applied  and  use  v;as  made  of  the  VKI  isentropic  compression 
tube  facility  (Fig.  1).  The  operating  principles  of  this  kind  of  tunnel  were  developed  by  Schultz  and 
Jones  12,31  about  ten  years  ago.  The  VKI  tT-2  facility,  constructed  in  1978,  consists  of  a  5  ni  long,  1  m 
diameter  cylinder  containing  a  light  weight  piston,  driven  by  the  air  of  a  high  pressure  reservoir.  This 
cylinder  is  isolated  from  the  test  section  by  a  fast-opening  slide  valve,  As  the  piston  moves,  the  gas  in 
front  of  it  is  nearly  isentropical  1y  compressed  until  it  retches  the  pressure,  and  hence  temperature,  levels 
defined  by  the  operator.  The  fast  opening  valve  is  then  actuated  by  means  of  a  detonator,  allowing  the 
pressurized  air  to  flow  through  the  test  section.  Constant  free  stream  conditions  are  maintained  in  the 
test  section  until  the  piston  completes  its  stroke.  The  maximum  test  section  dimensions  are  250  x  100  mm^. 
The  free  stream  gas  conditions  can  he  varied  between  300  and  60D  K  end  0.5  and  7  bar.  A  5  m^  dump  tank 
allows  downstream  pressure  adjustments  between  0.1  and  4  bar.  A  typical  test  duration  is  about  400... 500  ms. 
Further  details  about  this  facility  are  described  in  14,5,6)  . 

2.2  Data  acquisition  system 

All  the  pressure,  temperature  and  heat  flux  measurements  vierc  directly  acquired  by  a  0IGITf>L  POP  11/34 
computer  by  means  of  a  high  speed  data  acquisition  systen,.  This  unit,  designed  and  built  at  the  VKI,  is 
characterised  by  three  separate  sections.  The  first  one  consists  of  24  analog  circuits,  which  provide  the 
transformation  of  the  heat  flux  gauge  signals,  proportional  to  the  surface  temperature,  into  signals  pro¬ 
portional  to  the  surface  heat  flux.  The  second  section  is  composed  of  a  series  of  48  amplifiers  and  "low 
pass"  filters.  The  last  section  consists  of  three  analog  to  digital  converters,  a  multiplexer  and  a  buffer. 
The  signals  are  digitized  using  12  bit  words.  This  data  accuisition  system  can  operate  on  48  channels,  with 
a  maximum  sampling  frequency  as  high  as  500  kHz.  For  the  present  measurements,  the  sampling  rate  was 
selected  to  be  1  kHz. 


2,3  Description  of  the  model 

The  measurements  and  calculations  presented  in  this  paper  were  carried  out  on  the  "high  v^ork"  IIPI  rotor 
blade  profile  designed  at  Rolls  Royce.  The  blade  coordinates  are  listed  in  table  1  whereas  the  main  blade 
and  cascade  dimensions  are  sunmarized  as  follov/s  (Fig.  2)  : 


-  blade  height 

-  chord 

-  pitch 

-  pitch  to  chord  ratio 

-  inlet  angle 

-  gauging  angle 

-  trailing  edge  thickness 

-  number  of  blades 


100.0  luii 

69.84  iim 

59.84  mm 
0.8568 

4020  (from  the  axial  direction) 
6024  (from  the  axial  direction) 
2.8  nm 
6 


The  blades,  milled  from  aluminium,  and  the  aluminium/perspex  sidewalls  were  manufactured  at  the  VKI.  One 
of  the  profiles  was  instrumented  with  2/  static  pressure  tappings  along  the  suction  and  pressure  surfaces  in 
order  to  determine  the  velocity  distrihution  (Fig.  3).  Wall  static  pressure  tappings  were  also  located 
downstream  of  the  cascade,  covering  almost  2  pitches,  in  order  to  check,  the  periodicity  of  the  flow.  A 
supplementary  profile  was  milled  from  low  conductivity  "Macor"  glass  ceramic  and  40  platinum  thin  films  were 
painted  on  its  surface  in  order  to  obtain  a  heat  transfer  distribution  (Fig.  4).  These  films  act  as  variable 
resistance  thermometers  and  provide  a  local  temperature  history,  the  use  of  an  electrical  analogy  allows  a 
direct  deterniinatieii  of  the  wail  heat  flux  17,8)  .  This  approach  provides  negligible  conduction  phenomena 
and,  because  of  the  smoothness  of  the  blade  surface,  no  oitificial  boundary  layer  transition  is  induced.  The 
technique  applied  to  deposit  the  thin  film  gauges  has  been  fully  oescribod  in  earlier  publications  1  7,B| . 

2.4  Free  stream  turbulence  generation 

t  The  free  stream  turbulence  v;ns  generated  by  a  grid  of  bars  oriented  in  the  spanwise  direction.  The  tur- 

j  bulence  level  was  varied  by  displacing  the  grid  upstream  of  the  model;  a  maximum  of  could  be  obtained, 

r  Trie  natural  turbulence  of  the  facility  (i.e.,  viithout  the  grid),  is  about  IT.  The  turbulence  level,  defined 

b  in  the  present  paper  as'/u'^/ij,  was  measured  using  a  VKI  constant  temperature  hot  wire  probe.  The  total 

j;  pressure  loss  caused  by  the  grid  was  token  into  account. 

Jf 

i  3.  HAl.L  MlAT  flux  fVAl.UATIOM 

,  The  evaluation  of  the  local  wall  ireat  flux  was  performed  using  the  following  equation,  applied  for  each 

thin  film  I  7|  : 
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•  II 


A*  AN  Vpck 

(1  Eq 


(1) 


The  present  measurement  technique  first  requires  a  calibration  of  all  24  circuits  providing  the  temperature/ 
heat  fluy  conversion,  in  order  to  obtain  their  gain,  i.e.,  the  ^  coefficient.  The  value  of  each  reference 


voltage  Eo.  applied  to  the  thin  films,  is  measured  before  each  test  and,  additionally,  provides  a  correct 
evaluation  of  the  initial  wall  temperature  T„.  The  substrate  thermal  product  Vpck  is  determined  by  a  com¬ 
parative  measurement  from  gauges  mounted  on  both  ceramic  and  quartz  substrates  in  an  impingement  flow 
situation;  a  value  of  0.175  J  cin'^K'' s"*'^  is  used.  The  ratio  (AR/aT)  is  determined  for  each  film  from  a 
preliminary  resistance  versus  temperature  calibration,  performed  In  a  temperature-controlled  oil  bath. 

The  resistance  Rn  of  each  gauge  is  measured  at  a  given  temperature  T  ,  and  corrected  for  the  current  initial 

/  t  '  ( 1  » o\ 

vjall  temperature  T^^  using  the  factor  p.  +  og  being  equal  to  j — —  .  The  raw  signal  AN, 

acquired  by  the  computer,  consists  of  a  series  of  integer  values. 


The  application  of  equation  (1)  provides  the  wall  heat  flux  time  history  of  each  of  the  platinum  thin 
films  during  a  test.  The  temperature  time  history  is  then  numerically  obtained  from  the  following 
equation  19)  : 


T(t)  = 

av'pckii 


Vr^V^n-ii 


At 


(t-t^)  ll(t-t^) 


(2) 


where  q^  is  the  measured  heat  flux  at  tin.:  tj,  =  nAt  and  H(t-tn)  equal  to  1  for  t  >  t^  and  to  0  for  t  <  tp. 
A  combination  of  both  wall  heat  flux  and  temperature  evolutions  provides  a  heat  flux  versus  temperature  re¬ 
lation  for  each  thin  film  and  each  test.  This  curve  is  then  extrapolated  to  isothermal  wall  conditions, 
i.e.,  zero  surface  temperature  rise.  In  the  present  paper,  the  heat  transfer  coefficient  is  defined  as  the 
ratio  of  the  measured  wall  heat  flux  to  the  mainstream  total-wall  temperature  difference  ; 


(3) 


4.  VELOCITY  DISTRIBUTIONS 

In  order  to  verify  the  periodicity  of  the  flow  downstream  of  tlie  cascade,  schliersn  pictures  were  taken 
and  wall  static  pressure  measurements  were  performed.  A  typical  visualization  is  shown  in  figure  5a 
(M2  ‘  0.919)  whereas  the  corresponding  downstream  wall  static  pressure  distribution  is  plotted  in  figure  5b. 
The  apparent  thickness  of  the  shock  (Fig.  5a)  might  be  explained  either  by  a  possible  oscillation  of  this 
discontinuity  inside  the  blade  passage  or  by  the  existence  of  a  curved  shock  in  the  spanwise  direction.  The 
downstream  periodicity  (Elg.  5b)  Is  not  absolutely  perfect  but  quite  sufficient;  we  are  Indeed  concerned 
with  heat  transfer  measurements  on  the  blade  rather  than  aerodynamic  ones  downstream  of  the  passage. 

The  velocity  distributions  around  the  blade  were  obtained  from  local  static  pressure  measurements.  They 
were  referred  to  the  measured  inlet  total  pressure  in  order  to  define  an  isentropic  Mach  number  as  follows: 


«is 


W 


The  measureTrent  results,  presented  in  figure  6  for  several  outlet  Mach  number  values,  have  been  p''otted  as 
a  function  of  a  non-dimensional  curvilinear  coordinate  measured  along  the  profile  surface,  starting  from 
the  theoretical  stagnation  point.  A  Z%  uncertainty  was  attributed  to  the  pressure  measurements;  as  a  result, 
the  maximum  uncertainty  on  the  Mach  number  was  calculated  to  be  1.5*.  Repeatability  was  found  to  be  very 
good. 


It  is  clearly  seen  from  the  velocity  distributions  that  the  experimentally  determined  stagnation  point 
is  located  very  close  to  the  theoretical  one.  Alone  the  rear  part  of  the  suction  side  some  diffusion 
exists  and  might  be  responsible  for  boundary  layer  transition.  Along  the  pressure  side,  a  slight  decele¬ 
ration  is  observed  downstream  of  the  leading  edge  and  will  probably  trigger  an  early  boundary  layer 
transition. 


5.  HEAT  TRANSFER  DISTRIBUTIONS  -  MEASUREMENTS 

The  heat  transfer  measurement  results,  presented  in  figures  7-10,  have  been  plotted  under  the  form  of  a 
heat  transfer  coefficient  (H/m^K)  evolution  as  a  function  of  a  curvilinear  coordinate  measured  along  the 
profile  surface,  starting  from  the  theoretical  stagnation  point.  The  overall  hydrodynamic  conditions  were 
chosen  tc  vary  independently  the  free  stream  Reynolds  and  Mach  number  values  and  the  turbulence  intensity; 
thry  are  summarized,  for  each  configuration,  in  tabic  2.  The  low  turbulence  (IS)  tests  were  pt-formed  without 
turbulence  grid.  Due  to  the  limited  number  of  analog  circuits  (only  24  were  available),  two  runs  were 
needed  for  cad;  configuration  to  obtain  the  complete  heat  transfer  distribution  around  the  blade.  Moreover, 
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each  test  was  duplicated  to  check  the  repeatability  of  the  measurement  technique;  the  latter  was  found  to 
be  within  3%.  The  experimental  uncertainty  on  the  heat  transfer  coefficient  has  been  evaluated  to  be  of  the 
order  of  7%  to  9%. 

Before  looking  at  tlw  effect  of  various  free  stream  parameters  upon  heat  transfer,  the  main  flow  field 
characteristics  will  briefly  be  described  (Fig.  7).  The  highest  heat  flux  level  is  measured  in  the  stag¬ 
nation  region.  Along  the  suction  side,  it  decreases  quite  rapidly  as  a  laminar  boundary  layer  develops; 
this  behaviour  corresponds  to  laminar  heating.  Further  downstream,  depending  upon  the  free  stream  flow 
characteristics,  a  laminar  to  turbulent  transition  takes  place,  resulting  in  a  significant  increase  in 
heat  flux.  A  turbulent  boundary  layer  then  develops  up  to  the  trailing  edge.  Along  the  pressure  side, 
the  boundary  layer  state,  and  hence  the  heat  flux  level,  are  principally  determined  by  the  counteracting 
effects  of  surface  curvature,  free  stream  turbulence  and  streamwise  pressure  gradient. 

As  suggested  in  [  10| ,  an  attempt  was  made  to  determine  the  onset  of  transition  by  looking  at  the  time 
history  of  the  wall  heat  flux  signals.  A'ong  the  suction  side,  a  typical  example  is  presented  in  figure  11 
(ROj  ■  -  0'9'>  Td  “  4?i).  A  typical  laminar  trace  is  first  shown  at  s  =  33  nmi.  The  transition  onset 

seems  to  take  place  at  s  =  43  ...  49  nm;  some  agitation,  corresponding  to  turbulent  spikes,  is  observed  on 
these  traces.  This  agitation  becones  larger  and  larger  for  s  =  5S  ...  60...  67  mm  and  it  looks  like  a  tur¬ 
bulent  boundary  layer  is  established  around  s  »  86  ...  90  mm.  As  a  matter  of  fact,  the  heat  transfer  sig¬ 
nals  acquisition  frequency  was  1  kHz  and  they  were  filtered  at  800  Hz;  higher  frequency  phenomena  present 
in  the  turbulent  boundary  layer  could  therefore  obviously  not  be  detected.  Looking  at  figure  7  (nominal 
conditions),  the  boundary  layer  transition  seems  to  take  place  only  at  s  =  65  iim.  It  should,  however,  be 
recalled  that  the  heat  transfer  coefficient  is  a  global  quantity  and  that,  on  a  boundary  layer  level,  fluc¬ 
tuations  can  already  bo  present  before  any  heat  flux  increase.  The  onset  of  transition,  determined  from 
the  observation  of  heat  flux  signals,  has  been  indicated  on  the  suction  side  for  all  the  distributions 
(Figs,  7  to  10).  Along  the  pressure  side,  no  definite  conclusions  could  lie  drawn.  As  a  matter  of  fact, 
the  boundary  layer  was  expected  to  be  transitiofi.il  rather  than  laminar  or  turbulent;  therefore,  no  typical 
differences  were  observed  on  the  heat  flux  traces. 

5.1  Effect  of  turbulence  intensity 

The  effect  of  free  stream  turbulence  intensity  at  nominal  Mach  (»  0.9)  and  Reynolds  («  10^)  numbers  is 
presented  in  figure  7.  In  the  stagnation  area,  the  heat  flux  level  increases  with  free  stream  turbulence, 
as  demonstrated  by  several  authors  |  11,131.  Along  the  suction  side,  the  laminar  heating  also  increases, 
but  less  significantly,  with  tne  turbulence  intensity,  in  accordance  with  other  observations  on  the  flow 
submitted  to  a  pressure  gradient  along  a  curved  surface.  When  the  free  stream  turbulence  is  increased  from 
1%  to  8!t,  the  transition  onset  (defined  from  the  heat  flux  traces)  moves  upstream,  towards  the  leading  edge, 
However,  the  net  heat  flux  increase  occurs  almost  at  the  same  position  (s  =  65  ...  75  mm)  for  Tu„  equal  to  It 
and  4%,  this  variation  is  very  steep  and  most  probably  forced  by  the  shock-boundary  layer  interaction 
(Fig.  5a).  Nevertueluss,  looking  at  the  dt  turbulence  data,  the  heat  transfer  coefficient  evolution  down¬ 
stream  of  the  onset  of  transition  is  nearly  horizontal.  This  denotes  a  transitional  flow  behaviour,  influ¬ 
enced  by  a  strong  favourable  pressure  gradient.  For  the  1%  turbulence  data,  the  heai  transfer  coefficient 
decreases  over  a  longer  distance,  which  is  typical  of  a  laminar  boundary  layer.  For  a  higher  turbulence 
level  (05.),  a  more  gradual  transitional  behaviour  takes  place.  If  the  Reynolds  number  is  increased  up  to 
about  1.5  10''  (Fig.  8),  a  gradual  boundary  layer  transition  is  observed  for  Tu„  equal  to  451  and  8%  whereas 
the  steep  shock  induced  transition  still  occurs  for  the  low  intensity  (lit).  Along  the  pressure  side,  the 
exact  boundary  layer  state  is  difficult  to  define  :  destabilization  of  the  boundary  layer  is  expected  be¬ 
cause  of  concave  curvature  whereas  the  important  favourable  pressure  gradient  measured  along  the  rear  part 
of  this  surface  (Fig.  6)  would  rather  have  a  stabilizing  effect.  The  flow  is  most  probably  transitional 
over  the  entire  length  of  the  pressure  side.  This  idea  is  supported  by  looking  at  the  effect  that  free 
Stream  turbulence  has  on  the  heat  transfer  distribution  :  a  fully  established  turbulent  boundary  layer 
would  not  be  affected  at  all  1  5|  .  These  conclusions  are  supported  by  the  higher  Reynolds  number  data 
(Fig.  8) . 

5.3  Effect  of  free  stream  Reynolds  number 

The  effect  of  free  stream  Reynods  number  at  nominal  Mach  nurabe'  (-  0.9)  and  turbulence  intensity  (4?)  is 
pr'esented  in  figure  9.  In  the  stagnation  region,  the  heat  flux  level  increases  with  the  Reynolds  number,  as 
demonstrated  by  several  authors  1  11,13|  .  Along  the  suction  side,  an  increase  of  the  downstream  Reynolds 
number,  as  expected,  results  in  an  enhancement  of  the  overall  heat  flux  level  as  well  as  in  an  earlier 
transition  onset  (defined  from  the  heat  flux  traces).  The  jump  in  heat  transfer,  delayed  by  the  favourable 
pressure  gradient,  is  still  steep,  induced  by  the  shock,  at  low  and  nominal  Reynolds  number  whereas  a  more 
gradual  transitional  behaviour  is  observed  at  high  Reynolds  number.  Along  the  pressure  side,  the  boundary 
layer  remains  most  probably  transitional,  dominated  by  a  three  dimensional  flow  of  the  streamwise  vortex 
type  I  13,14|  .  The  heat  transfer,  however,  still  increases  with  the  Reynolds  number. 

5.3  Effect  of  free  stream  Mach  number 

The  effect  of  free  stream  Mach  number  at  nominal  Reynolds  number  (-  10'’)  and  turbulence  intensity 
(4%)  is  presented  in  figure  10  and  will  be  interpreted  with  the  aid  of  the  velocity  distributions  (Fig.  6). 

In  the  stagnation  region,  the  heat  transfer  coefficient  slightly  increases  when  the  downstream  Mach  number 
decreases.  This  might  be  explained  by  the  fact  that,  in  order  to  keep  a  constant  downstream  Reynolds  number, 
the  inlet  total  pressure  had  to  be  continuously  modiHed  (table  3).  As  the  inlet  Mach  number  value  is 
almost  constant,  this  resulted  in  an  increasing  inlet  Reynolds  number  and  consequently  in  an  augmentation 
of  heat  transfer^.  Along  the  pressure  side,  the  velocity  distributions  are  almost  similar,  except  in  the 
trailing  edge  vicinity.  As  a  result,  no  significant  differences  appear  in  the  heat  transfer  coefficient 
distributions;  only  the  rear  region  is  slightly  affected.  The  small  gradual  heat  flux  increase  can  be  ex¬ 
plained  by  the  inlet  Reynolds  number  voriation.  Along  the  suction  side,  the  onset  of  transition  (defined 
trom  the  heat  flux  traces)  moves  upstream,  towards  the  leading  edge,  as  the  downstream  Mach  number  decreases. 
Ihe  boundary  layer  transition  process  seems  to  be  governed  by  variations  in  the  acceleration  rate  rather 
than  by  the  flow  deceleration.  For  equal  to  almost  0.9  and  1.0,  the  steep  heat  flux  increase  is  still 
a  shock-induced  plienonienoii  (Fig.  6a)  whereas  a  more  gradual  transition  is  observed  for  M,  equal  to  almost 
0.7  and  O.B. 


6.  HEftT  TRANSFER  DISTRIBUTIONS  -  PREDICTIONS 
6.1  Lalculation  method 
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In  order  to  numerically  predict  the  heat  transfer  -ate  evolution  along  the  blade  surface,  the  well  known 
"STANS"  computer  program,  developed  by  Crawford  et  al.  1151  at  Stanford  University,  was  selected.  This  pro¬ 
gram  is  based  on  the  classical  Spalding-Patankar  approach  1  16|  to  compute  boundary  layer  flows.  It  uses  a 
finite  difference  technique  to  solve,  through  a  streamwise  space  marching  procedure,  the  simplified  two 
dimensional  boundary  layer  equations  as  applied  to  flows  developing  along,  e.g.,  a  flat  wall  or  in  an  axisym- 
raetric  tube.  In  the  present  paper,  the  modelling  of  the  turbulent  quantities  was  provided  through  a  Prandtl 
mixing  length  approach. 

The  original  version  of  the  code  was  modified  at  VKl  in  order  to  take,  along  the  suction  side  and  in  the 
case  of  a  turbulent  boundary  layer,  the  streamwise  curvature  effects  into  account.  The  mixing  length  model 
developed  by  Adams  and  Johnston  I  171  was  incorporated;  valuable  results  were  already  obtained  using  this 
approach  (  181  .  The  outer  layer  mixing  length  model -equation  taking  streamwise  convex  curvature  effects  into 
account  is  written  as  follows  : 


i  =  0.0025  tanh 
R 


(5) 


In  the  log  region,  the  mixing  length  is  related  to  a  Richardson  number  through  the  following  relations  : 


Ri  =  Sc  (1  +  Sc)  (6) 

rM 

sc  - - (7) 

au  _  u 

ay  R 

—  =  — ^ —  (to  =  flat  wall  mixing  length)  (B) 

to  l+5Ri 


The  Initial  velocity  and  enthalpy  boundary  layer  profiles,  necessary  to  start  the  calculation,  were  obtained 
from  the  analytical  solution  for  a  cylinder  in  cross  flow  1 19]  .  The  external  streamwise  velocity  gradient 
was  directly  derived  from  the  velocity  measurements.  The  boundary  layer  transition  was  triggered  by  a 
momentum  thickness  Reynolds  number  value  provided  by  the  user. 


6.2  Comparison  with  the  measurements 

The  transitional  momentum  thickness  Reynolds  number  was  determined  from  an  integral  boundary  layer 
analysis  120,21]  .  At  nominal  Reynolds  and  Hach  numbers,  the  folloviing  results  were  obtained  ; 
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and  the  predictions  of  figure  12  were  plotted  for  different  values  of  Rep.  For  the  low  turbulence  intensi¬ 
ties,  the  agreement  is  quite  satisfactory  along  the  suction  side.  However,  for  Tu„  equal  to  8%,  it  appears 
clearly  that  the  mathematical  mode!  is  not  adapted  to  deal  with  complex  intermittency  phenomena.  Moreover, 
the  computed  heat  transfer  across  a  laminar  boundary  layer  is  not  affected  by  a  variation  in  free  stream 
turbulence  intensity.  Along  the  pressure  side,  the  trends  are  almost  correctly  predicted.  However,  the 
situation  is  obviously  more  complicated  considering  the  interaction  between  the  free  stream  turbulence  and 
the  three  dimensional  effects  which  occur  along  concave  surfaces.  Only  one  prediction  (Rep  =  50)  was  plotted. 
In  fact,  the  boundary  layer  transition  was  assumed  to  start  at  the  pressure  side  slight  velocity  peak 
(s  ■=  4  nri).  An  internal  correlation  takes  care,  during  the  computation,  of  the  existence  of  a  strong 
favourable  streamwise  pressure  gradient,  allowing  a  better  simulation  of  the  transitional  regime. 

The  heat  transfer  distributions  comp’jted  at  low  and  high  free  stream  Reynolds  numbers  are  presented  in 
figures  13  and  14  for  several  turbulence  intensities.  Along  the  suction  side,  the  laminar  and  fully 
established  turbulent  boundary  layers  are  quite  well  predicted.  Except  for  Tu»  equal  to  \%,  the  transi¬ 
tional  regions,  submitted  to  intermittency  phenomena,  are  far  from  being  satisfactorily  reproduced  by  the 
calculation.  Along  the  pressure  side,  the  trends  are  quite  correctly  predicted. 


7.  CONCLUSIONS 

Detailed  heat  transfer  data  have  been  obtained  for  a  high  pressure  rotor  blade,  looking  at  the  influence 
of  free  stream  Mach  and  Reynolds  numbers  as  well  as  turbulence  intensity.  The  measurements  were  taken 
using  the  VKI  short  duration  facility,  under  correctly  simulated  aero-engine  conditions  and  have  been  used 
to  assess  a  heat  transfer  prediction  method  based  on  STAN5.  The  main  conclusions  are  : 

-  an  increase  in  turbulence  intensity  results  in  an  earlier  boundary  layer  transition  and  an  increase  In 
laminar  and  transitional  heating,  whereas  the  turbulent  heating  is  not  affected; 


-  an  increase  in  free  stream  Reynolds  mnnber  provides  an  overall  augmentation  in  heac  flux  as  well  as  an 
earlier  boundary  layer  transition; 

-  at  low  turbulence  intensity  and  Reynolds  number,  the  suction  surface  boundary  layer  transition  is  induced 
by  diffusion,  whereas  an  earlier,  more  gradual,  transition  is  observed  for  higher  values  of  either  of  these 
parameters; 

-  along  the  suction  side,  the  transition  process  is  governed  by  the  local  free  stream  acceleration  rate 
rather  than  by  the  existence  of  a  velocity  peak. 

An  attempt  v;as  also  made  to  determine  the  transition  onset  by  looking  at  the  time  history  of  the  heat  flux 
signal S. 

The  results  obtained  from  a  two  dimensional  boundary  layer  code  (STANS)  are  c„.nparod  with  some  typical 
measurements.  These  comparisons  are  found  to  be  encouraging,  especially  along  the  suction  side,  where  a 
correction  for  curvature  was  added  to  the  code.  Nevertheless,  a  considerable  work  needs  still  to  be  done, 
particularly  concerning  inte.-mittency  phenomena  as  well  as  concave  curvature  effects. 
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TABLE  2  -  HEAT  TRANSFER  MEASUREMENTS: FREE  STREAM  CONDITIONS 
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DISCUSSION 


ti.Schviiurur,  Gc 

ll  is  luit  (jiiilc  cloiir,  why  ymi  tisci.1  iiii  iiUcgnvl  procedure  in  iiddilion  to  the  riiiilc-difrcrcncc  code.  Was  it  because  a 
(raosilioi)  eiiteria  was  inipiciiieiiled  in  die  (oriner? 

Author's  Reply 

The  integral  proeeilure  provides  the  relationship  hetwrecii  I'rcestream  tvrhulence  level  and  motnentuni  thickness 
lieynoids  lunnher.  This  procedure  allows  us  to  lix  the  transition  unset  position  (expressed  as  a  Re,>). 


G.Scheucrcr,  Ge 

1  low  sensitive  were  yovir  ealculnttons  towards  the  curvatun.  correction? 

Author’s  Reply 

Along  the  suction  side,  it  decrease  of  about  7- 1 0%  was  observed.  It  should  be  noted  that  the  correction  is  only  done 
along  the  turbulent  part  of  the  boundary  layer. 
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EFFECTS  OF  WAKES  ON  THE  HEAT  TRANSFEU  IN  GAS  TURBINE  CASCADES 

by 

S.Wittig,  A. Schulz,  H.J. Bauer  and  K.H.Sill 
Lehrstuhl  und  Institut  fiir  Therniische  Stroraungsniaschinen 
Universitat  Karlsruhe  (T.H.) 

Kaiserstr . 12 ,  U-7S00  Karlsruhe  1  (West-Germany ) 


SUMMARY 

The  interaction  between  consecutive  blade  rows  can  be  expected  to  have  important  effects 
on  the  heat  transfer  in  cooled  gas  turbine  casadcs.  In  the  present  study,  the  influence 
of  the  wake  from  a  blade  profile  -  traversed  in  front  of  a  cooled  gas  turbine  cascade 
in  planes  with  varying  distances  from  the  leading  edge  -  on  the  local  heat  transfer 
coefficient  along  the  suction  and  pressure  side  has  been  analyzed.  The  investigation 
is  part  of  a  research  program  to  develop  experimentally  verified  numercial  codes  for 
heat  transfer  calculations. 

With  the  aid  of  a  finite  element  program,  the  local  heat  transfer  coefficients  along 
the  cooled  blades  are  derived  from  surface  and  coolant  temperature  measurements.  It 
is  shown  that  in  addition  to  the  axial  distances  the  orientation  of  the  wake  with  .-espeCt 
to  the  leading  edge  is  of  dominant  influence.  In  particular,  the  measurements  demonstrate 
with  increasing  free  stream  turbulence  levels  a  rapid  rise  of  the  heat  transfer  rate 
along  the  pressure  surface  as  well  as  in  the  stagnation  region.  The  laminar-turbulent 
transition  relocated  towards  the  leading  edge  along  the  suction  surface.  The  measure- 
iiientr  ire  cc... pared  with  those  derived  from  flows  with  grid-produced  turbulence.  In  gener¬ 
al  siowei  transition  behaviour  is  observed  than  found  with  numerical  codes. 


NOMENCLATURE 
A  surface  area 

a  axial  distance  between  airfoil  and  cascade  inlet  plane 

d  cooling  bore  diameter 

L  cooling  bore  length 

I  chord 

n  normal  to  surface 

p  static  pressure 

Pr  Prandtl  number 

4  heat  flux 

He  Reynolds  number 

Re,  Momentum  thickness  Reynolds  number 

s  distance  along  surface 

S.P.  design  stagnation  point 

t  blade  spacing 

T  temperature 

TUy  turbulence  intensity  in  mean  flow  direction 
u  velocity 

X  airfcil  position  with  respect  to  the  test  blade's  stagnation  plane 

x,y  coordinates 

a  heat  trsiisfer  coefficient 

i  heat  conductivity 

f  frirtijn  coefficient  of  turbulent  pipe  flow 

SUBSCRIPTS 

1  inlet  to  cascade 

e  outer  boundary  conditions 

k  coolant 

w  wall  conditions 

”  ambient  conditions 


INTRODUCTION 

The  development  of  high  performance  gas  turbines  has  always  been  connected  with  a  rise 
of  the  thermal  efficiency  primarily  due  to  increasing  turbine  inlet  temperatures  and 
simultaniously  increasing  pressure  ratios.  Obviously,  the  high  thermal  loads  of  the 
turbine  components  exceedingly  surpass  the  allowed  data  of  modern  alloys.  Cooling,  there¬ 
fore,  is  a  necessity  which  also  has  to  be  viewed  under  safety  and  reliability  aspects. 
The  durability  analysis  of  turbine  blades  in  a  jet  engine  requires  detailed  knowledge 
of  the  heat  transfer  from  the  fluid  to  the  blade  surface  which  has  been  of  longstanding 
interest . 

The  heat  transfer  along  turbine  blades  is  determined  by  a  variety  of  different  parameters 
such  as  turbulence  intensity,  pressure  gradient,  curvature,  temperature  ratio  between 
gas  and  blade  surface  and  periodic  flow  variations  due  to  interaction  of  rotor  and  sta¬ 
tor.  In  our  opinion  a  separation  of  the  various  effects  is  necessary  for  a  full  under¬ 
standing  of  the  heat  exchange  phenomena.  In  addition  It  should  be  possible  to  support 
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ij*.‘nora  1  i  sal  1  ons  and  ‘aimilarxcy  considerations.  In  the  larger  context  of  the  present 
oxporimental  .«nd  analytical  study  wo  {see  Kiid  et  al.  (7,8]l  made  an  attempt  to  describe 
the  effects  of  t.urinilehCG  parameters,  pressure  cjiadients  and  temperature  ratios  on  the 
heat  transfer  alony  a  convoctivoly  cooled  flat  plate.  The  results  of  the  study  presented 
in  ihis  paper  are  directed  towards  an  indopth  undorstandlny  and  application  of  the  heat 
transfer  alony  actual  turbine  blades.  In  continuinq  the  basic  studios,  an  attempt  is 
made  to  detonuine  the  local  heat  transfer  coefficient  alonq  the  blade. 

iJt.ili/iny  a  cas'^adc  with  five  blades,  v^\rious  inlet  flow  conditions  v/ere  applied.  The 
cenital  three  blades  were  instrumented  and  v;atoreoolod .  in  the  first  phase  of  the  study, 
tlur  f  rcM.i  -strcam  ’  urbijlonco  levels  were  altered  by  insertinq  qrids  into  tlu>  entrance 
figw.  Three  dinferent.  ejas  temperatures  anu  itoynolds  numbers  between  1  x  10^  and  x 
10^  v/cre  chosen. 

The  second  aspect  of  iho  study  is  concerned  v/ith  the  influence  of  the  v;akc  flow  on  the 
loco*,  heat  iransft^r.  Here,  i  he  turbulence  grids  v/ere  replaced  by  a  straight  blade  profile 
placid  within  ti^o  cascade  untranco  llov;.  ft  is  possible  to  position  the  blade  profile 
at  various  distances  f  roiri  the  entrance  plan<  of  the  cascade.  In  addition,  the  v/ake 
gone*  li inq  airfoil  could  be  placed  across  adjoining  blade  channels.  The  dynamic  process 
in  rhe  coal  turhifio  which  actually  is  '.nstoady  can  be  modelled  by  ohanging  sequentially 
the  pjositjon  of  tile  blade  relative  lo  the  cascade,  but  it  should  bo  noticed  that  the 
f:hnn<los  of  the  flo»’  vecLoi  as  found  in  the  real  case  arc  not  exactly  realized  in  the 
quasi  iiteaiiy  model. 


hXIM'I*'  IMI'.MTAL  5d:i'L')' 

'Ih**  ht>«  tpiL  tuiuvr?}  usi.-d  t(>r  the  ex/»0!  imenis  is  shov/n  in  Tig.  1.  Air  from  the  compressor 
1  ’■■at'.Mj  \n  the  pnauiry  /.one  of  .in  oilfircd  -.oi.'ibustor .  Primary  air  and  fuel  injection 
dii  pi  odt  rin  I  nod  and  secondary  air  is  added  by  means  of  40  circumferential  injection 
holf.s  for  the  o<ljustmsnt  of  the  ‘empoiaturo  level.  A  maximum  thoimal  pov/ti:  of  two  MVJ, 
can  O"  /erjficd  in  the  combustor  with  maximum  tempo  aturo.v  up  to  iSOO  C.  Hov/cver,  for 
I'MfiODf,  of  ac'-Mirntc;  <h  i  a  aquisltion  !ov;er  i  omporal  uros  are  gencially  chosen. 
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Kig.  1  5  Hot  '.jas  te:;l  iliij 


;)r>  •  *.  jif.'i  oi  !ji  «•  .|U‘I  V'- J  o*  J  •- >'  pifvijles  .11  ;h»’  eXj*  '»f  I  h*^*  «*'Mnbubi‘*r  which  .»ic  in*'  iinfoin 

•  »i  1  I ,  i.i  ■  I  '  ;\\i’  1  I iji  0  -rq-j  I  v/ilh  spc'ci.iMy  d'o.itji*-}  miX'MU 

■iri'l  hunc  ,  <‘oinb!..  i  vo  1  y  hi  )h  .i«:f»?  I  ..n  «•  s*il»>-‘ai«Kuit  1  y  Induced  h/  i  uoz/.lc 

» -MO  .|S;'|■^  1  u  I  i  on  •••unpiM**)  v/i»li  a  lianyiti'-n  I  i  om  Uie  circ»i),M  -nuiliny 

’  .  1 1 :  ^  . 


•  •  .  n’  cii'iuin*-  1  ^  M  h-i*;  i  '.‘Cii'.ui  rl  /V»U  x  i  <M;  I'li’i  P;*_-  *iq.  /) 

!  I.  «  ’  Pi<  -.<.•«  i/,ri  » tiot  'i.i:-,  (  l?»v/  I iK'i/cfi  v/ j  i  h  ad.Jji  u  :  '-i  in  i 

I  u.'tl  ‘-yip  it«v»i.w  liMhiftU  i:  l  r>  .I'.’ojd  •  hmi 

I*...  .  .1  *  M  ‘  ,  p  '••  n "  "I  •  hi  •  «»rii  ?•••<’  I  I  III!  *  *-»  : 1  1  u'Tic**  i  h*-  ihi -  .i  fi  .  m •"•»•»  *  s  .  v;  s  i  j.  j  ii  i  i  m  i  - 

•  I'd  I  .  -icH  >  nd«q‘t*i'.'^h#ni  i.ui  ♦  *  t  ••  .ind  *  «ij  -it  ••  ■.tn  l-p»-  .|t_M'»,inj.t  i  >-,h'*-l  . 

In  j'-ri*  I  I »  I  *.*j  d  i  I  I  c  I  'Id  f  I  »  •  *t  r  '•‘im  I  »• ,  ,  .1  ••nt-**  •  V-l-  *.  h  !u*'  i  u »  b'l )  <*'i'  •  ')  i  i  ds  .1 1  r.  i**  ■  ^l , 
I"  »u  III  )pM  pncii  *  t  ww  plunen  i»(  i  |m?  .  I’l'-i.  {  llluai  i 

wi. »  •  .1'*  i  Jn.»  .'0,1  ict  I  I  rii  I  dtii.i  ol  I  ih*  *|lidn.  In  .ihlHi.ri  tin*  .-X.  ,  * 

'  il  r.  I .  .i(**  -  iiiijn.i  r  1 /»-'l  . 


In  aisnu  lolirKj  the  eCfocta  of  wake  flow,  a  straight  blade  profile  is  used  in  replacing 
vhe  turbulence  grids.  To  dcdiievc  relaiive^y  *‘‘^alisi:ic  flov;  eonditior.s,  the  relative 
local  ..on  of  the  wake  flow  can  be  changed.  The  traverse  of  the  blade  Is  illustrated  in 
l-'ig.  2,  The  meclianism  allows  a  parallel  displacement  in  front  of  tlie  cascade.  The  profile 
of  the  v/ake  producing  airfoil  is  derived  from  the  coordinates  of  the  blades  in  the  cas¬ 
cade.  I'ig.  '1  demonstrates  the  geometrical  arrangement  of  the  cascade  and  the  loading 
airfoil  . 
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I'lg.  4:  Arrangement  of  the  Caiioade  and  the  Ai.rfoil 

Tlic  cascade  consists  of  five  untwisted  blades  as  shown,  basically  il  is  a  high  performan¬ 
ce  profile.  The  three  inner  blades  are  used  for  the  actual  moa.surcmcnts .  M’hey  arc  onvec- 
Lively  cooled  hy  seven  cylindrical  cooling  channels  v/ith  blade  Mo.  ^  being  the  Lost 
hlddif.  blades  Mo.  '/  and  Mo.  4  arc  used  for  reference  purposes.  Thus,  deviations  in  the 
temporal  uie  <»ju1  [jior.suro  fields  are  easily  observed.  The  outer  blades  (No.  1  and  No.  W) 
are  used  to  provide  uniform  tv;o-dimensiono I  flow  without  major  disLurbancos  from  the 
side  v/o  1  ic  . 

Ak  indicaLL'd  in  I'ig.  0,  ld«uk‘  Mo.  3  is  oguipued  v/ith  I?  NiCr-Ni-thormocouplGS  of  0.2b 
mm  d  j  amv  .'-cj  .  are  cfnbcddc^i  in  grooves  macluned  tp/mv/lso.  The  pressure  laps  of  O.b 

mm  diAnnLer  along  blades  Mo.  2  and  Mo.  4  are  positioned  in  mid  span  higlit,  ( seo  Pig. 
(> )  .  riic  relatively  Large  inumher  of  thermocouples  and  pressure  taps  loads  to  an  excellent 
resolution  of  the  flow  fieUI.  Total  pressure  and  total  temperoturc  measu/’omeni  s  are 
achieved  by  throe  probes  at  different  iocrations  in  front  of  the  cascade.  The  probes 
Ccin  be  iiaversetl  v/itliin  the  test  section.  It  is#  tliereforo,  possible  to  obtain 
velociiy  aiul  leinprr  / 1  ur  c  profiles  at  three  JiCforont  planes. 
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Ficj.  6:  Position  of  pressure  tops 


D.vTA  AQUISTION  AND  /XNALYSIS 

Due  to  tno  nslatively  small  dimensions  it  viiis  not  practical  to  determine  the  heat  flux 
directly  as  used  in  our  previous  studies^  (ROd  (81).  In  the  present  case  a  finite  element 
analysis  developed  by  Marsal  (5)  is  employed  similar  to  that  described  in  the  work  of 
'rum-?'  111).  Start ino  with  *-hr>  knov/n  heat  transfer  at  the  cooling  channel#  the  steady 

two  damensionnl  equation  for  conduction  is  solved.  Triangular  finite  oloments  are  used 
in  generating  the  net.  A  quadratic  approximate  solution  of  the  temperature  is  determined 
through  the  six  nodes  of  each  element.  The  program  provides  tor  three  different  boundary 
conditions? 

1.  The  temperature  at  .specific  positions  j  .s  known 

II.  There  is  no  heat  flux  across  tho  boundary 

III.  The  heat  flux  is  known  acro-ss  the  boundary 


In  the  present  case#  duo  to  the  experimental  information  tho  temperature  distribution 
along  tiie  blade's  surface  -  i  e.  t)ie  c  boundary  ••  or>  ♦e)'  as  the  heat  iosis  through 

the  inner  boundary -i.  e.  the  chann«3l  pa/.:imcter  -  are  used  for  the  solution.  Ak  indicated 

earlier#  the  heat  transfer  coof f icicuvs  lud  the  water  tcmptrnturcs  in  the  cooling  cnan- 
nols  arc  j  necessary  requirement.  The  temperatures  of  the  coolant  flow  are  obtained 
by  simple  averaging  of  the  inlet  aiKl  exit-  tempci-aturos .  It  should  be  noted#  however# 
that  the  difference  of  those  temperat-u/e.c  is  relatively  An  additional  effect 

o£  the  {jmall  tenpurature  ri<JG  of  the  c«o)ant'  is  dc'/v  .op*  ont  of  a  two  dimensional 

temperature  field  v/ithin  the  blade  whick  is.  wf  hiv^h  impurvance  in  the  context  of  the 

study.  7')k2  )ioal  tran.sfer  m  the  coolant  channel  i.s  calnvilutod  following  .^chlOnder'  s 

cqua t i on  i 1 0 ] 


. _ (,  /k, 

U1Z.7  ,'Ua  t  ;  'd 


fo*  turbiilrjiif  pi;,'o  flow  v/ith  f,  tJie  friction  coefficient  for  hydraulically  sjmooth  pipes. 

=  (1.02  1<i  Rty  .  1.61)’^  (2) 

The  properties  used  in  t)jc  deter.iinntion  of  the  dimensionles'i  oarainetojs  Ke  and  I’r  are 
temper  a  i  uro  cor  reveled  . 


Defjpiio  an  exet-’Ksive  number  of  then«ocoupl*>s  employed,  the  tomperaV  ures  for  the  17^ 
ooirr  nofloj;  of  I  ho  tra  I  cu  .t  a  t  ion  net  .ire  oblninod  by  interpolation  of  t  t»o  moa.surod  data. 
VJith  tiiose  bouiuhiry  condilionf;#  the  two-dlmcnnlo  lal  calculation  of  the  tcmpoi  I'turo  field 
within  the  blade  ci  os  s  “  t:ecV  ?  oii  is  pot^hlble.  Pig,  7  1 1  1  ur.t  rat  cr.  a  typical  t'^mpemtu- 

re  field,  ‘/'he  loc.il  ho*»i  iraiuiler  coef/icieiiL  can  be  defined  by  using  the  freestroam 
1  ciiipci  at  lire  obt  a  i ;  ‘*d  I  <■  tot  a  I  t  emperal.  ijre  probe  and  the  ca  1  cu  )  o  c  ed  temper  at  ure 

•jradi'Mit  noMii/i  I  l  r.  ih#?  wall: 


».  -- — 

'in 


II) 


Ak  (t  coi'..  a  With  ciuiiiercial  codes  Interoii  will  bo  prorionted#  it  should  be  tiien- 

‘  (ored  tlnjl  i  lio  !i  din  ronce  flcheme  omployod  require.*}  -  in  addition  to  the  Murfuce 

♦ 'inpci  at  ure  d.'.Rtrn  lon  me  *_he  f  r<i»o-iiiroain  toRiporaturo  -  the  flinlrth  *\on  of  Iho  velo- 
<-ji>  iloni  tho  fiurfa  an  v/o  1  :  .i:i  MiO  velocity  ajid  the  loibulnneo  Intei.uiiy  of  the  enter- 


1 


ing  flow.  The  velocity  distribution  of  the  blade  flow  is  derived  from  the  static  pressure 
distribution.  Fig.  8  shows  a  typical  pressure  distribution  and  the  resulting  velocity 
distribution. 
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Pig.  7:  Temperature  field  in  the  mid-span  plane  of  the  test  blade 
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Fig.  8:  Static  pressure  and  velocity  distribution 

The  turbulence  intensity  of  the  entoriiig  (low  is  determined  by  means  of  Laser-Doppler- 
Anemometry.  Table  1  summarizes  the  ref  ults  from  measurement'}  at  K  and  a  Keynolds 
number  of  1.2  x  10^.  The  Location  where  the  turbulence  levels  are  measured  lies  pred  )mi- 
nantly  15  mm  in  front  of  the  cascade  entrance  plane  half  space  betv/een  the  blades. 


Grid  l^ouition  1 
(neo  Fig. 3) 


VUthout 
Grid  1 
Grid  2 
Grid  3 


Grid  Position  II 
(soo  Fi g . 31 


10.7  ^ 
13.9  ^ 


Turbulence  ivlonsil  lo.s 


lU;SU!,TJi 

MbA.gillU'JlllO'I’S  V.'C)'H  TUliUIJiHCt;  Giuor. 

jn  ''inploying*  tho  turbiilence  grUia  an  <loHcribc*d  in  the  previou.**  chapter  the  -.h  st  r  1  hui  » ons 
of  the  iranufei  coefncicnl:  hIiowii  in  Fig«.  9  -  12  ar*'  obialned.  )*or  rrmsons 

of  tMarjly,  only  j'oUi  t  urbulenc’  Iqv<»Ic  from  1  .  *1  to  \A  ^  are  f.hovni.  fi  in  J  n  l<jroo  1 1  jkj 
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to  note  that  at  constant  HcynolOs  numbers  slightly  increasing  heat  transfer  coefficients 
arc  observed  with  decreasing  temperature  ratiOr  it  is  T^/ZT*.  .  However,  in  calculating 
the  Stanton  numbers  it  can  be  seen  that  the  data  are  in  excellent  agreement  with  smaller 
temperature  ratios  extending  the  laminar*  domain  of  the  suction  surface.  Furthermore, 
increased  heat  transfer  is  found  with  rising  turbulence  levels  in  the  stagnation  region 
and  on  the  pressure  side  as  expected.  Similar  dependences  are  observed  by  Turner  llllf 
Day ley  and  Priddy  (1)#  Nicholson  et  al.  [6l,  Krishnamoorthy  (3]  and  Consigny  and  Pich&rds 
(2).  Relatively  high  heat  transfer  coefficients  along  the  pressure  side  of  the  blade 
are  due  to  high  acceleration  (see  Fig.  fl'  .  An  additional  explanation  could  be  found 
in  the  formation  of  Goertler  vortices  which  Lead  to  a  rise  of  the  laminar  heat  transfer 
on  the  pressure  side.  The  heat  transfer  on  the  suction  side  of  the  blade  is  characterized 
by  the  laminar  -  turbulent  transition  of  the  boundary  flow  and  its  dependence  on  free- 
stream  turbulence.  Considering  the  experimental  results  with  high  turbulence  levels 
the  flov/s  show  a  tendency  towards  relaminarisation  due  to  very  high  accelerations  within 
the  range  0.1  s  s/l  ^  0.15.  It  should  be  mentioned  that  there  is  a  slight  descrepancy 
between  the  stagnation  point  determined  from  pressure  measurements  and  the  position 
of  highest  heat  transfer  coefficients,  this  has  been  verified  by  numerous  measurements. 
In  the  latter  part  of  the  suction  side  a  relatively  slow  transition  laminar  -  turbulent 
which  is  considerably  slower  than  predicted  by  numerical  codes  (121  is  observed.  It 
is  largely  dependent  on  the  free-  stream  turbulence  level,  (see  Fig.  11) 


mn 


Fig.  9:  Heat  transfer  coefficients  Tuy  »  1.4  4.0  %;  7.6  %  and  14,0  t  T^^/T  ^  =  0.91 


Fjq.  10:  Huai  liaiuirut  f  f  1 1;  i  cn  1  f;  TUy  ”  1.4  'i  •  4.0  %;  7.G  '*•  and  14.0  '* 


0.51 


MM- 


rig.  11;  Heat  transfer  coefficients  TUy  5=  1.4  %;  4.8  i;  7.6  %  and  14.0  %  Ty,/T«*  =  0.48 


Qualitatively  similai:  characteristics  ore  observed  for  higher  Ueynolds  numbers  as  shown 
in  Fig.  12.  To  us,  the  determining  factors  along  the  pressure  side  v^here  slightly  increa¬ 
sing  heat  transfer  coefficents  are  observed  are  not  entirely  clear.  It  seems  that  a 
stronger  tendency  towards  transition  is  indicated.  The  suction  side  is  characterized 
by  a  v.'cil  defined  laminar  turbulent  transition  and  here  no  influence  of  the  turbulence 
level  after  transition  v/as  found.  The  fluctuations  in  the  trailing  edge  region  are  proba¬ 
bly  due  to  t)iG  cooling  configuration.  Basically,  only  one  cooling  channel  is  located 
in  this  area  thus  inducing  nonuniform  surface  temperature  distribut.ions . 


Fig.  12;  Hf?aV  transfer  L'(3cf  f  icients  TUy  1,4  ft;  4.8  7.  ;  7.6  and  14.0  v,  Tv;/T  =  0.89 
WAK!-:  l*‘l,OW  ni-’.ASUIUlMMMTS 

■Jh'*  ''Il'Tis  of  wakes  the  heat  transfer  along  a  l)la<lc  is  illastrnlcd  in  I'igs  .  13 

and  ’.‘1.  A:*  i  nd  i  «*.>t ^  tlm  v/ahe  general  i;»g  airfoil  war.  traversod  in  di.scrotc  stops  over 
t  !»'•  np.u.inq  of  tie..*  l>lado.  (3.6  z/t  ^  2.6,  compaic  I'ig.  41.  Bero,  the  distant.'c 

o(  Lite  iiailing  edge  *o  t  |je  ent  rance  [jlane  of  the  casciuie  is  a/1  =  1.0.  The  floynolds 
immher  in  <7.*itjh  case  3.0  y.  lO'^.  The  location  of  the  v/ake  is  Imaged  jD  t.lie  liuat  Ltane- 

fr.i  coe  I  j  j  ci  enl  s .  F»t.irt<ng  from  tlio  center  of  thr*  flow  'rhannol  (x/t  '*  3.6),  vd>cro  tho 
i  h  1  I  Of  of  tin*  w.;  i  o  on  Mio  sul>sr>quenL  blade  i  r.  rnl.atively  Jov/  (See  curve  Ho.  1  in 
I'lq.  13'  v/iU»  lamin'  flov/  throughout,  a  gradual  onnet  of  Lra.^sition  jn  t  ouiul  in  moving 
I  hr*  .111  foil  'h  lov^Aids  the  ulagna*  Ion  point  of  the  coolod  blade.  The  (rnnsition 

Hi  v<*i  /  [.ironouncrH)  f  a  near  oontorline  ,  tionii .  Also,  the  offoc’s  of  llio  pressure 


6-y 


are  pronounced.  This  is  in  aqrtGmeut  with  tho  results  described  earlier  for  grid  experi¬ 
ments.  In  considering  the  stagr.ation  point  area  the  higliest  heat  transfer  was  expected 
to  be  at  x/t  -  3.0  whereas  the  actual  maximum  was  found  at  x/t  =  3.06.  Optical  diagnos¬ 
tics  revealed  that  the  f3ow  is  slightly  deflected  in  the  cascade  inlet  plane.  The  strong¬ 
est  influence  of  the  wake,  therefore,  is  found  for  a  positon  of  the  airfoil  sligljtly 
on  the  suction  side  of  the  measurement  blade.  In  continuing  the  traver.se  of  the  airfoil 
across  the  leading  edge  (x/t  -  3.00)  towards  the  pressure  side  of  the  test  blade,  the 
results  of  Fig.  14  are  obtained.  The  heat  transfer  rate  stays  relatively  high  over  the 
whole  blade  surface  down  to  the  positon  x/t  =  2.^7  of  the  wake  generating  blade.  Subse¬ 
quently  the  transition  along  the  suction  side  is  relocated  towards  the  trailing  edge 
with  decreasing  x/t.  In  comparing  Figs.  13  and  14  it  is  interesting  to  note  that  the 
transition  characteristics  are  not  identical.  This  is  due  to  the  particular  geometric 
effects  of  the  wake  and  its  relative  effects.  Considering  the  pressure  side,  a  reduction 
of  the  heat  transfer  coefficient  is  observed  starting  from  the  airfoil's  position  of 
approximately  x/t  =  2.88.  As  can  be  seen,  the  heat  transfer  coefficient  decreases  by 
about  40  9i  with  respect  to  the  maximum  curve  .  Further  traverse  to  lower  x/t  values 
beyond  2.80  ’will  be  of  ncgligeable  influence. 


Fig.  13;  Jloat  transfer  coefficients  (wake  influence) 


(.10 


iM  summorixiinj  the  lusults,  the  tliree  diinehsional  plot  o£  Fig.  15  relays  a  qualitative 
i inpress ior.  of  the  phenomena  discussed.  The  heat  transfer  eoeffiejent  along  the  blade's 
surface  (-  0.y<l  i  s/1  ■.  1.27)  is  plotted  as  a  function  of  the  position  of  the  wa)te- 
produciug  airfoil.  (2.5  S  x/t  f.  3.5) 


Fig.  15:  Heat  transfer  distribution 


In  order  to  analyse  the  influence  of  the  axial  distance  of  the  waVie  from  the  entrance 
plane  into  to  the  cascade,  detailed  raeasurcKonts  were  performed  with  varying  axial  dis¬ 
tances  of  the  airfoil  from  the  cascade.  A  typical  result  is  shown  In  Fig,  16  with  the 
wn)(e  generating  profile  fixed  at  x/t  =  3,09  and  with  the  axial  di.stanc6  reduce(3  from 
a/1  =  1.0  to  n/1  =  0.37.  It  can  be  seen  that  the  lieat  transfer  on  the  pressure  side 
is  reduced  by  about  35  %  in  approaching  the  cascade  entrance  plane.  This  can  be  explained 
by  t)io  different  location  of  the  test  blade  within  the  divergent  wake  flow.  At  present 
we  are  pot 'ormtng  detailed  numerical  studies  in  comb  nation  with  associated  measurements 
to  model  tl  5  dynamic  characteristics  of  the  wake  and  its  influence  on  tlie  time  depende.it 
heat  trahsfi  r  of  the  cascade  effected  by  the  wake. 
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-  coMp/\i<isoN  WITH  'i“HEOKii:TTc:Ai»  Hi:sui/rj> 

'k  As  (loscilbod  e)  rjov/horo  (9,  \  ,  13|  a  mtMl  i  f  i  «iil  code  for  t  ho  description  of  the  boundary 

£  lavor  flow  v/iLh  boat  transfer  has  been  applied  in  coinpariiuj  tne  exporiinentnl  retjults 

1  with  a  tlioorotioal  cinalysis.  As  usual/  the  K  -  •-  model  *  horc  in  a  Eo?*in  .snacjRstnd  by 

ham  and  breinhurst  ( '5 )  ••  has  been  utill'^ed  r-.J  the  I  crbulenco  effect!;  on  t  he*  temporatui  e 
^  fioU'i  “  i.  o.  the  turbuJont  heat  transport  -*  are  included  by  means  of  the  turbulent 

Praiultl  number. 


The  comparisons  arc  based  on  heat,  transfer  measurements  at  higher  Koynolds  nujtibors  (Uej^ 
~  3.0  •  and  relatively  low  wall  cooling  (T^/T«.  -  0.09)  with  turbulence  intensities 
of  the  main  flow  of  1.4  %,  4.8?.  and  7.6  %.  In  starting  the  calculation  procedure,  a 
Reynolds  number  based  on  the  momentum  thickness  of  Re  ^2  =  30  on  the  .suction  side  and 
Ros2  ~  Qo  the  pressure  side  has  been  assumed.  Using  Tlwaites  suggestion  (see 
Ref.  [16])  the  appropriate  distance  from  the  leading  edge  could  be  calculated.  In  starting 
the  program  the  turbulence  intensities  were  derived  as  follows 


with  the  assumption  that  the  turbulent  kinetic  energy  is  constant  up  to  the  location 
of  t!ie  start  of  the  calculation. 


Fig.  17:  Comparison  of  predicted  and  measured  heat  transfer  coefficients 


As  shown  in  Fig.  IV,  the  determining  effects  along  the  suction  side  is  the  rapid  laminar 
turbulent  transition.  Apparently,  for  low  free-stream  turbulence  the  onset  of  transition 
appears  to  be  too  soon.  For  high  turbulence  intensities  it  is  found  that  t)ie  location 
of  transition  is  reasonably  well  predicted.  However,  the  levels  of  turbulent  flow  are 
approached  too  soon.  For  purely  laminar  as  well  as  for  fully  turbulent  flow  good  agree¬ 
ment  is  found  between  experiments  and  predictions. 

Along  the  pressure  side  good  agreement  is  found  for  lov;  free  stream  turbulence  levels 
in  the  frontal  region  of  the  blade.  Towards  the  trailing  edge,  however,  the  heat  transfer 
is  considerably  underpredicted .  Relatively  strong  differences  between  measurements  and 
numerical  results  are  found  for  turbulence  levels  of  Tu^  *  4.8%,  at  least  over  the  first 
two  lhird.s  of  the  pressure  nido  with  improvements  towards  the  trailing  edge.  Following 
th.e  calculations,  the  highest  turbulence  inten.sity  o^  the  main  entrance  flow  induces 
a  laminai  -  turbulent  transition  suon  after  the  start.  Good  agreement  bet'veen  the  measur¬ 
ed  ancj  calculated  heat  transfer  coefficients  is  found  up  to  s/1  =  0.2  with  an  almost 
constant  underprodiction  of  the  heat  transfer  down  to  the  trailing  edge. 


lONCLUSION 

The  present  study  is  directed  towart  a  detailed  understanding  of  the  heat  transfer 
along  convectively  cooled  gas  turbine  ados  under  consideration  of  various  flow  conditi¬ 
on  ej  .  In  a  first  series  of  exporiments  the  influence  of  free  stream  turbulence  intensi¬ 
ties,  Reynolds  numbers  and  temperature  ratios  was  iinalyscd.  Here,  turbulence  grids  were 
utili:5C(l.  At  all  temperature  ratios  the  dependence  of  the  heat  transfer  over  the  whole 
blade  surface  on  the  free-stream  turbulence  is  illustrated.  The  depondenco  on  the  Rey¬ 
nolds  number  in  characterized  by  the  Icvc^  of  the  heat  transfer  and  especially  in  the 
laminar  -  turbulent  transition  along  the  suction  side.  The  comparison  v/ith  theoretically 
derived  heat  transfer  coefficients  reveals  good  agreement  along  the  suction  side  for 
laminar  and  turbulent  boundary  layer  flow.  The  calculated  transition,  however,  seems 
to  )?e  too  spontaneous.  For  the  complex  pressure  side  flow,  the  theoretical  model  leads 
to  results  which  are  not  quite  satisfactory;  Tho  heat  transfer  coefficients  obtained 
arc  too  lov/  Cor  all  flow  conditions  analyzed. 

In  extending  the  exper imeitts ,  meaGUtoments  were  performed  under  wake  condit  ions.  As 
exp/ected,  a  fltronc  influence  of  the  distribution  of  the  heat  transfer  coefficient  on 
the  relative  position  of  the  wake  generating  profile  with  respect  to  the  test  blade 
v/aB  found.  Special  significance  of  the  position  of  the  v/ake  with  respect  to  t)\e  leading 


edge  can  be  seen.  On-line  axial  positioning  of  th©  leading  airfoil  induces  turbulent 
boundary  layer  flow  along  a  maior  region  ot  the  suction  side  and  induces  heat  transfer 
coefficients  which  exceed  the  laminar  heat  transfer  by  approximat.ely  a  factor  of  three. 
An  increase  of  about  100  %  is  found  on  the  pressure  side.  The  differences  of  the  heat 
tia)\sCor  di  stributioii  due  to  varying  distances  a/l  between  the  blades  -  i.e.  the  wake 
generating  blade  and  the  cascade  -  are  related  to  the  appropriate  width  of  the  wake, 
Principally#  it  can  be  stated  that  a  strong  rise  of  the  heat  transfer  is  found  for  large 
axial  distances  for  relatively  long  traverse  (3.21  i  x/t  i  2.8).  Lower  heat  transfer 
is  found  for  shorter  axial  distances  except  the  region  of  strong  influei\ce  (3.06  i  x/t 
j  2.97).  This  is  of  importance  to  actual  turbine  application  where  a  larger  axial 
distance  between  the  blade  rows  will  yield  higher  heat  tiansfer  rates.  At  present# 
the  results  are  used  in  studying  unsteady  engine  conditions. 
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DISCUSSION 


D.LShuliz.UK 

Did  you  measure  tlic  iiucgral  scale  of  llic  turbulence  beliitid  the  turbulence  grid? 

Author's  Hcpiy 

III  the  set-up  as  shown  in  Fig.  I  we  only  detcrniined  the  lurlHileiicc  intensity.  However,  as  tlic  tiirbulouee  grids  are 
identical  tei  those  uscti  in  a  parallel  study  (S.F.riltscn  ct.  al.*)  we  have  a  fairly  decent  knowledge  of  the  turbulence  scale.  It 
should  be  noted  that  the  cross-sectional  areas  arc  of  equivalent  dimensions.  In  our  opinion  the  turbulence  scale  is  not  of 
dominant  innuciicc  c.xccpi  in  the  stagnation  region  of  the  blade.  'I'hc  advantage  of  a  continuous  tunnel  operation  in 
comparison  to  shoi  t-duration  facilities,  though  is  the  accessibility  for  detailed  turbulence  analysis. 

’'F.riksen,  S.;  Wittig,  S.;  Riid,  K.P. 

Optical  Measurements  of  the  'rransporl  Froiierties  in  a  Highly  Cooled  Turbulent  Boundary  Layer  at  Low  Reynolds 
Number.  Paper  presented  at  Ttirbulem  Shear  Flow  Conference  4‘.  Karlsrube  1 983. 

Friksen,  .S.;  Wittig,  S.;  Dulicnkopf,  K. 

The  Application  of  LDA  and  l.DF  Ancinometry  to  the  Sttiily  trf  Boundary  l.aycr  I'ranspoi  1  Properties  under  Gas 
Turbine  Coiulitiuits.  F.i,  cr  prcscnied  at  'Second  International  Syni|sosimn  on  Applications  of  Laser  Ancmomclry  to 
Fluid  Mcebanits’,  Lisbon,  July  1984. 


D.L.Schulu.UK 

Tbc  wake  guncraled  by  the  stmioiuii  y  upslruam  vane  does  not  correctly  sinuilate  the  inlet  velocity  triangle  so  llie  wake 
culling  by  tlic  moving  rolor  is  not  reprtKiuccd. 

Author's  Reply 

You  arc  certainly  correct  that  with  the  present  scl-up  we  arc  not  simulating  the  wakc-culling.  However,  wc  arc  planning 
to  ulili/c  moving  bars  of  differ,,  m  rliamcicrs  and  spacing  to  approximate  that  process.  Wc  dclibei  alcly  designctl  our 
expeiimem  as  described  to  sepitratc  tbc  various  effects,  i.c.  wc  were  first  interested  in  a  rehitivcly  isotropic  turbulence 
which  was  then  cliangcd  to  itti  btilcm  Row  generated  by  an  airfoil  wake  which  is  nonisoti opit  and  the  final  check  will  lx- 
jifter  superposilioniiig  these  two  effects  on  the  wake  cutting  process. 
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SUNMARX 


This  paper  describes  a  technique  for  cjeneratinq  realistic  wakes  upstream  of  a 
stationary  turbine  blade  cascade  at  full  scale  Mach  Numbers  and  Reynolds  Numbers,  High 
speed  Schlieren  photographs  showing  the  development  of  the  wake  flow  through  the  cascade 
are  presented,  together  with  unique  high  speed  mea.surements  of  the  fluctuations  of  the 
surface  heat  transfer  rate  as  the  NGV  wakes  pass  over  the  rotor  blade  surface.  Combining 
the  flow  visualisation  results  with  the  unsteady  heat  transfer  measurements  reveals 
radically  different  nature  of  tire  boundary  layer  transition  caused  by  wake  passing;  an 
understanding  of  which  will  be  essential  for  the  development  of  improved  prediction  tech¬ 
niques  . 

INTRODUCTION 


The  flow  around  Lhe  compressor  and  turbine  blader  of  an  axial  flow  gas  turbine  engine 
is  highly  unsteady,  largely  as  a  consequence  of  the  relative  motion  of  the  blades,  which 
are  arranged  in  alternately  stationary  and  rotating  rows.  The  relative  motion  of  the 
blade  rows  results  in  a  periodically  generated  unsteadiness  both  through  purely  inviscid 
means,  and  through  the  action  of  viscosity.  Firstly,  the  Inviscid  flow  around  each  blade 
alters  cyclically,  to  take  account  of  the  influence  of  the  Instantaneous  positions  of  the 
blades  belonging  to  the  upstream  and  downstream  rows  on  the  inlet  and  exit  flowfields. 

This  form  of  unsteadiness  has  been  studied  by  11),  (2)  and  13),  who  have  shown  both  that 
it  decays  rapidly  with  Increasing  axial  spacing,  and  that  for  a  given  stage,  the  magnitude 
of  the  unsteadiness  due  to  the  interaction  is  likely  to  be  greater  on  the  upstream  blade, 
than  on  the  downstream  blade.  Secondly,  the  boundary  layers  on  the  surfaces  of  the  blades 
in  each  row  separate  at  the  trailing  edge,  forming  wakes,  which  pass  through,  and  ate 
"chopped"  by  the  blades  in  the  succeeding  stage,  which  is  in  relative  motion.  This  un¬ 
steady  flow  is  referred  to  hero  as  "wake-passing  flow". 

.'further  effects,  such  as  those  due  to  the  shock  waves  generated  in  transonic  blade 
rows,  and  the  secondary  flow  near  the  blade  root  and  tip,  produce  distortions  in  the  flow 
at  the  exit  of  a  given  blade  row.  Unsteadiness  is  thus  produced  (in  a  manner  analogous  to 
wake-passing)  as  the  blades  of  the  downstream  row  pass  cyclically  througll  these  distor¬ 
tions.  Non-periodically  generated  flow  unsteadiness,  which  may  significantly  contribute 
to  Lliu  total  flow  unsteadiness,  occurs  in  the  flow  around  the  nozzle  guide  vanes  (NGV's) 
and  turbine  blades  of  the  first  (high  pressure)  turbine  stage,  as  a  result  of  turbulence 
and  flame  instability  in  the  combustion  ciramber. 

In  the  high  pressure  turbine  rotor  blade  passages  of  an  aircraft  gas  turbine,  which 
are  the  present  concern,  it  is  e.xpected  that  wake-passing  and  turbulence  effects  will  pre¬ 
dominate  over  the  inviscid  flow  unsteadiness,  given  the  magnitude  of  the  wakes  shed  by  a 
cooleil  nozzle  guide  vane  row,  the  comparatively  large  axial  spacing  (of  the  order  of  40% 
axial  chord),  and  the  high  flow  Mach  numbers.  The  effect  due  to  shock-wave  passing,  may 
be  totally  absent  or  negligible  for  shockless  exit  flows,  but  will  assume  progressively 
increased  significance  as  the  NGV  exit  Macli  number  is  raised.  (Conversely,  within  the 
vane  passage.s  of  the  NGV  row,  tlie  unsteadiness  is  produced  solely  by  combustion  chamber 
turbulence,  and  the  Inviscid  interaction  of  the  flowfield  around  the  downstream  rotor 
with  llie  NGV  flow.  In  experimental  studies  with  a  small  turbine  stage,  the  effect  of  tiie 
downstream  rotor  on  the  vane  heat  transfer  has  been  found  (4)  to  be  significant.) 

Measurements  of  the  effect  of  high  levers  of  freestream  turbulence  on  the  mean  heat 
transfer  to  turbine  blade.s  have  been  obtained  by  (5),  who  used  a  rotating  "squirrel  cage" 
tarbulenco  generator  mounted  upstream  of  a  turliine  rgtor  cascade.  Although  this  arrange¬ 
ment  was  too  small,  and  the  interference  effects  tliereby  too  bl),  to  allow  the  nature  of 
wake-puSsing  with  discrete  wakes  to  be  simulated,  tile  results  indicated  that  high  levels 
of  freestream  turbulence  could  significantly  augment  the  blade  ) eat  transfer. 

The  first  detailed  studies  of  the  wake-passing  flow  were  performed  on  compressor 
blades,  by  (Cl,  (7)  and  [81  among  others.  Turbine  blade  studies  using  low  speed  axial 
flow  LurbiiiGC  have  since  )30cn  performed  by  (9),  and  (10).  Unlike  compressor  blades, 
wlicto  Llic  effects  cf  unsteady  flow  on  the  aeroraechanical  performance  is  of  sole  concern, 
the  effects  on  the  heat  transfer  rate  to  tlie  blade  Surface  is  of  equal  importance  in  the 
case  of  turbine  blades. 

In  both  cases,  however,  the  nature  of  the  unsteady  boundary  layer  which  develops  in 
response  to  tlie  freestream  unsteadiness  13  of  fundamental  importance  in  determining  the 
scale  of  the  heat  transfer  and  aerodynamic  effects.  The  work  of  (6)  and  (71  indicated 
that  an  unsteady  transition  process  resulted  from  the  wakes,  although  the  nature  of  tlie 
transition  w  s  not  satisfactorily  resolved.  Likewise  (9)  and  (10)  indicated 


that  again,  on  a  turbine  rotor  blade,  an  unsteady  transition  occurred.  Although 
these  tosts  were  very  successful,  and  have  greatly  contributed  to  the  understanding  of  the 
unsteady  flow  in  an  engine,  comparatively  little  information  on  the  detailed  process  of 
the  boundary  layer  transition  caused  by  the  wakes  was  obtained.  This  was  unavoidable,  in 
view  of  the  Limitations  on  measurement  techniques  which  could  successfully  bo  applied  to 
Ll\e  rotating  rig,  and  the  flow  complexity. 

The  extensive  work  of  PCeil  et  al.lll)  has  provided  the  most  detailed  measurements  on 
the  effects  of  wake-passing  on  the  transition  behaviour  of  the  incompressible  flat  plate 
boundary  layer.  There  is,  however,  a  lack  of  similarly  detailed  measurements  of  the 
action  of  wake-passing  on  blades  operating  at  the  high  Reynolds  and  Mach  number  conditions 
representative  of  large  aircraft  engines.  Apart  from  the  mechanical  complexities  involved 
in  obtaining  measurements  from  a  high  speed,  high  temperature  rotating  turbine  stage, 
which  has  precluded  their  use  for  detailed  studies  of  the  unsteady  rotor  blade  boundary 
layer,  the  Cully  rotating  experiment  is  not  convenient  for  detailed  investigations.  As  a 
result,  an  alternative  experimental  procedure  has  been  developed  at  Oxford  for  the  high 
Reynolds  and  Mach  number  study  of  wake-passing,  as  described  briefly  by  112] . 

DESIGN  OV  EXPERIMENT 


The  unsteady  wako-passing  flow  onto  the  rotor  blades  of  a  first  stage  turbine  may  be 
reproduced  at  the  inlet  of  a  stationary  cascade  of  rotor  blades  mounted  in  a  wind  tunnel, 
Rig,  1 .  As  shown,  tho  correct  relative  velocity  vector  diagram  of  the  rotor  unsteady  flow 
may  be  simulated  by  moving  a  row  of  circular,  cylindrical  bars  at  the  correct  velocity  in 
front  of  the  cascade,  (Cylindrical  bars  of  an  appropriate  small  size  may  be  used  to 
reproduce  the  NGV  wakes,  as  prior  experiments  (13]  showed  that  the  NGV  wakc-velocity  dis¬ 
tribution  was  practically  symmetrical  by  a  distance  dovjnstream  corresponding  to  the  blade 
row  spacing.) 

In  this  experimental  scheme,  the  ideal  rectilinear  motion  of  a  ladder  of  bars  past 
the  cascade  is  approximated  over  one  instrumented  blade  passage  by  mounting  the  bars  on 
the  rim  of  a  large  diameter  rotating  disc,  (Fig.  2),  The  mechanical  arrangement  of  the 
wake-generator,  powered  by  a  small  air  turbine,  and  mounted  in  a  sealed  housing  attached 
to  the  tunnel  sidewall  is  shovm  in  Fig.  3,  This  arrange.'ent  does  not  .suffer  from  the  dir, 
advantage  of  upstream  interference  effects  which  occur  with  a  squirrel  cage  type  of  v;ake- 
gencrator,  as  employed  by  (5]  and  (11].  (A  squirrel  cage  of  sufficiently  large  diameter 
to  minimise  upstreiun  intcrfeiencg  effects,  such  as  that  used  by  (li)  for  incompressible 
studies,  is  not  mechanically  practical  for  high  speed  cascade  work.) 

The  transient  cascade  tunnel  used  for  the  tests  v/as  the  Isentiopic  Light  Piston 
Tunnel  IILPT)  at  Oxford  { 1 14] ,  (1t>) )  ,  Prior  to  the  run,  the  tunnel  working  section  was 
evacuated,  and  the  wake-generator  accelerated  by  a  small  air  turbine  to  a  steady  speed. 

The  tunnel  was  then  fired  to  give  a  typically  0,4  second  steady  flow,  with  a  downatream 
variable  area  choked  throat  serving  to  maintain  the  cascade  exit  conditions.  During  the 
run,  the  speed  of  tho  v/ake-generator  decayed  by  up  to  20%,  however,  for  the  15  ma  interval 
in  which  the  high  frequency  (200  kilz  sampling  rate)  heat  transfer  measurements  were  made, 
the  inertia  of  the  disc  limited  tho  speed  decay  to  less  than  1%. 

T’he  flow  Reynolds  number  (based  on  a  model  blade  chord  of  $7.8  mm,  and  exit  Mach 
number  of  0.06)  was  2.0  x  10®;  the  freestream  total  temperature  was  430  K  for  the  heat 
transfer  measurements,  corresponding  to  a  gas-to-wall  temperature  ratio  for  the  blade  sur¬ 
face  (at  Initially  ambient  conditions)  of  1.5.  The  surface  Mach  number  distribution  for 
the  rotor  blade  profile  used  is  shown  in  Fig.  4,  from  the  data  of  Nicholson  1 1 6] .  Two 
sizes  of  bars  (actually  stranded  steel  wires)  were  fitted  to  the  wake  generator,  measurint 
cither  0.9  mm  or  1.7  mm,  with  the  larger  size  representing  a  high  loss  NGV,  and  the  smal¬ 
ler  size  modelling  a  more  highly  efficient  NGV. 

For  the  purticvilar  NGV  -  turbine  rotor  combination  chosen  for  the  experiment,  the 
iiimulai.ion  of  v.’ake-pnssing  flow  at  the  design  operating  conditions  of  the  engine  required 
the  barb  to  be  moved  at  Mach  0.94  relative  to  the  Inlet  flow;  and  v/it.h  a  bars  attac)\od  to 
the  wake-generator  disc,  the  mid  span  radial  spe.cing  of  tl^e  bars  was  116  mm,  or  nearly 
2.05  times  the  pitch  of  the  rotor  cascade.  To  reproduce  most  nearly  the  unsteady  flow 
around  the  lurhine  blades  in  the  engine,  where  turbulence  from  the  combustion  chamber  may 
he  supuiposed  on  tlie  )jasic  waKc-passlng  flov;,  a  sLationciry  turbulence  grid  was,  (for  some 
tests),  fitted  in  the  flow  upstream  of  the  wake-generatox*. 

The  primary  objective  of  the  experiment  was  not  confined  to  measuring  the  unsteady 
heat  transfer  rate  under  flow  conditions  most  nearly  approaching  those  occurring  in  an 
engine,  on  a  particular  rotor  profile.  Clearly  the  fully  rotating  inFtrumentosd  stage 
could  (at  least  in  principle),  perform  this  function  more  exactly.  It  was  instead  inten¬ 
ded  to  use  the  facility  to  determine  both  the  nature  of  the  unsteady  boundary  layer  on  th 
turt/ine  blade  in  response  to  a  range  of  wake-passing  regimes,  and  the  conseejuent 
implications  for  the  mean  and  fluctuating  heat  -ransfer  rate.  In  order  to  achieve  tills, 
the  experimentation  was  carried  out  as  a  progressive  series  of  tests,  whereby  tlie  effect: 
of  tho  various  types  of  dirjturbance  were  first  stxidied  in  isolation,  be^'^re  multiple  dis 
liurbances  and  combinations  of  different  types  of  unsteadiness  were  stuuiod. 

First  in  this  series,  the  most  basic  type  of  wake-passing  Flow  studi^^d  was  that  pi'< 
duced  by  running  the  wakc-generator  v;ith  only  two  bars  fitted  linstead  of  the  normal  &) 
at  a  slightly  reduced  speed,  and  without  a  turljulence  grid  fitted.  This  allowed  the 
action  of  isolated  (vridcly  spaced)  wakes  of  various  strength,  without  associated  shock- 
waves  or  additional  freestream  turbulence,  to  be  studied  in  detail. 


in  the  succogdiiuj  exper imeiiLs ,  measureraonts  were  made  in  which  the  complexity  of  the 
frcestteam  unsteadiness  was  increased  both  by  reducing  the  wake-spacing  (fitting  the 
remaining  bars  to  the  wake  generator) ,  and  by  raising  the  freestream  turbulence  level  (by 
fitting  various  turbulence  grids).  Furhliermore ,  the  effects  of  shock  waves  in  Isolation, 
and  in  combination  wit)i  the  v;akes,  were  studied  by  running  the  wake  generator  at  a  higher 
rotational  speed,  and  with  first  2,  then  8  bars  fitted.  This  paper  is  concerned  only  with 
tlio  studios  of  shock-less  wakc-pas.sing  flow;  the  results  of  t)ie  studies  of  shock-wave 
passing  in  isolation,  and  in  addition  to  wake-passing  flow  are  reported  in  Doorly  and 
Oldfield  117) . 

FLOW  VISUALISATIOM  STUDIES 

The  optical  arrangement  of  the  spark  Schlieren  system  is  shown  in  Fig.  5.  Tl^e 
exposure  time  is  approximately  0.25  iia  for  tile  spark  source  used.  The  electronic  system 
designed  to  fire  the  Schlieren  spark  at  a  desired  time  in  the  wake-passing  cycle,  and  the 
arrangement  of  the  transient  recorder  data  logging  system  used  to  record  the  bar  spaed  and 
position  information  are  shown  in  Fig.  5(ii).  Both  the  Schlieren  photographs  and  tlie  heat 
transfer  measurements  were  referenced  in  time  to  the  wake-passing  cycle  by  means  of  a 
light  beam  and  photo-detector  in  tlie  wake-generator  disc  housing.  This  produced  a  sharp 
(5  us  rise-time)  voltage  pulse  eacli  time  the  lieam  was  interrupted  by  a  bar,  at  which  ins¬ 
tant  tlie  corresponding  bar  at  180°  was  mid-way  on  its  trajectory  through  tlie  tunnel  work¬ 
ing  section.  This  allowed  the  position  of  the  bar  in  relation  to  the  blades  shown  i.i  the 
Schlieren  photographs  to  be  established  accurately.  Furthermore,  by  recording  this  signal 
simultaneously  witli  the  signals  from  the  heat  transfer  gauges,  the  motion  of  the  chopped 
wake  (travelling  in  the  external  flow  around  tlie  blade  and  recorded  in  the  photographs), 
could  be  related  to  the  time  history  of  tlie  resulting  unsteady  lieat  transfer  disturbances. 

To  allow  the  leading  and  trailing  boundaries  of  the  chopped  wake  segments  (passing 
through  the  rotor  cascade)  to  be  clearly  distinguished  on  tlie  photographs,  only  two  bars 
were  fitted  to  the  wake-generator  for  the  Schlieren  work.  In  addition,  to  remove  the 
undesirable  Schlieren  effects  of  the  turbulent  thermal  lioundary  layers  cn  the  windows,  the 
wind  tunnel  was  operated  "cold"  (T  =  jOO  K) ,  but  at  the  design  bar  speed,  and  blade 
Reynolds  and  Mach  numbers. 

Extrar*-‘-  from  a  sequence  of  Schlieren  photographs  showing  a  wake  from  a  1.7  mm 
diametei  bar  passing  through  the  cascade  are  reproduced  in  Figs.  6  -  12.  Tlie  bar  relative 
Mach  number  (at  mid  span  rn  the  cascade)  was  0.94  for  these  photographs,  and  the  reoom- 
prassion  shook  wave  behind  the  bar  which  impinges  on  the  suction  surface  of  the  rotor 
blade  (and  the  reflected  wave)  ate  claarly  visible  in  the  first  photograph.  Tlie  wake  from 
the  bar,  visible  as  a  band  of  highly  turbulent  flow,  is  swept  into  the  rotor  passage  at  a 
later  time,  and  undergoes  massive  distortion  as  a  result  of  the  high  accleration  in  the 
passage  (Figs.  6  -  12). 

STUIPKP  Ail<  FLOW  CALCULATION 


To  relate  the  imposed  freestream  unsteadiness  (wake-passing) ,  to  the  resultant  un¬ 
steady  boundary  layer,  an  accurate  knowledge  of  the  wake  position  or,  the  surfaces  of  the 
blade  at  any  given  instant,  together  with  the  boundary  layer  state  at  all  points  along  the 
surfaces  is  required,  TTie  position  of  the  wake  is  particularly  important,  as  the  flat 
plate  studies  of  111)  suggest  that  the  turbulence  content  of  the  wake  has  a  very  sig¬ 
nificant  effect  on  the  transltio.n  behaviour  of  tlie  boundary  layer. 

A  simple  teclinique  to  estimate  the  position  of  the  wake  was  used  for  the  rotor  cas¬ 
cade  under  investigation.  The  primary  objective  was  to  allow  the  wake-position  betiveen 
the  in.stants  when  the  Schlieren  photographs  were  taken  to  be  ©.stimated,  and  secondly  to 
test  the  accuracy  of  such  a  naieve  approacli,  by  comparison  with  the  Schlieren  which  pro¬ 
vided  a  record  or  the  actual  wake  benavlou;-. 

The  approach  consists  of  rcpro.senting  tlie  wake  as  a  "stripe"  of  finite  width  (equal 
to  the  me-'n  physical  wake  width)  ,  but  of  infinitesimal  strength,  in  the  freestream.  The 
convection  of  this  model  wake  was  calculated  by  using  the  results  of  a  numerical  steady 
flow  passage  velocity  solution  to  compute  the  position  of  tlie  lines  corresponding  to  the 
leading  and  trailing  edges  of  the  wake  stripe  at  successive  times.  The  steady  flow  pas¬ 
sage  velocities  were  calculated  for  this  rotor  cascade  by  [16),  who  used  a  time-marching 
algorithm  due  to  [18). 

The  position  of  a  line  leaving  a  wakc-genetating  bar  at  the  relative  flow  angle  thus 
cemputad  for  increasing  time  intervals  is  shown  in  Fig,  13  and  a  comparison  of  tlie  pre¬ 
dicted  wake  at  a  given  instant  using  this  method,,  and  ttie  corresponding  .gdilieren  photo¬ 
graph  is  sliown  in  Fig.  14,  This  simple  technique  gave  quide  good  agreement  for  the  rotor 
c-ascade,  demonstrating  that  tlio  wake  distortion  is  governed  mostly  by  tlie  high  freestream 
acceleratio'i.  More  sophisticated  techniques  (requiring  substantial  computer  time)  have 
boo-i  developed, such  a.s  that  developed  by  119|. 

HEAT  TRANSFER  INSTRUHEH’fhTIOH  AH ')  TECHNIQUE 

The  technique  for  the  .measurement  of  the  surface  heat  transfer  rate  using  thin  film 
surface  thermometers  and  electronic  analog  circuitry  Is  outlined  by  [20]  ,  and  the 
references  noted  therein,  whilst  the  100  kHz  bandwidth  heat  transfer  instrumentation 
developed  for  this  work  is  described  by  (21),  Det.alls  of  the  minicomputer  based  data 
acquisition  system  for  low  speed  (2  kHz)  measurements  may  be  found  In  (22).  For  the  high 
speed  measurements,  a  Datalab  2800  transient  recorder  war.  used  to  acquire  4096 


simultaneously  sampled  data  points  from  each  of  up  to  B  channels.  By  using  the  pre- 
triggering  mode  of  operation,  1096  samples  were  recorded  on  each  channel  at  a  slow  sampl¬ 
ing  rate  (2  kHz),  from  a  time  just  before  the  tun,  and  extending  about  0.2  seconds  after 
the  run  start,  by  which  time  the  flow  was  well  established.  A  burst  of  3000  samples  was 
then  recorded  on  each  channel  at  a  fast  sampling  rate  of  200  kHz.  Details  of  the  data 
reduction  and  processing  procedures  applied  to  the  unsteady  heat  transfer  data  are  con¬ 
tained  in  (131. 

Gauge  Locations 

The  locations  of  the  thin  film  gauges  on  the  suction  and  pressure  surfaces  of  the 
model  blades  are  shown  in  Fig.  4.  Only  the  gauges  on  the  first  504  surface  length  along 
the  suction  surface  are  marked,  as  the  remainder  were  damaged  prior  to  testing.  As  the 
results  presented  later  will  indicate,  however,  the  most  significant  effects  produced  by 
wake-passing  occur  on  the  early  portion  of  the  blade.  Furthermore,  beyond  50%  surface 
length,  unsteady  movements  of  the  passage  shock,  might  be  expected  to  exert  a  complicating 
inf luence . 

MEAN  »hAT  ‘fRANriFEH  KATB  MEASUREMENTS  AMD  PREDICTIONS 

The  measurements  of  the  mean  heat  transfer  rate  to  the  rotor  profile  suction  and 
pressure  surfaces  for  conditions  oi  “low"  (<  0.4%  Tu>  and  "high"  (4.5%  Tu)  are  shown  in 
Fig.  15,  along  with  the  predicted  distributions.  Considering  first  the  heat  transfer  rate 
to  the  suction  surface: 

(i)  In  an  undisturbed,  low  (<  0.4%  intensity)  turbulence  freestream,  the  steadily 
decreasing  heat  transfer  rate  from  the  leading  edge  strongly  suggests  that  the  boundary 
layer  remains  laminar  to  beyond  50%  surface  length  (X/S  =  0.5).  Furthermore,  the  results 
of  (161,  who  also  measured  the  mean  heat  transfer  rate  to  this  profile  (though  at  a  smal¬ 
ler  scale)  in  the  course  of  his  work,  show  near  identical  mean  heat  transfer  rate  levels 
with  a  low  turbulence  freestream.  Beyond  50%  X/S,  Micholson's  measurements  indicate  that 
the  passage  shock,  or  shock  waves  (pigs.  6  -  12)  cause  a  full  transition  of  the  boundary 
layer  to  turbulence.  The  predicted  values  are  in  good  agreement  along  the  first  50% 
length,  though  they  do  not  allow  for  the  effects  of  the  passage  shock  on  the  late  tran¬ 
sition  . 

(ii)  With  a  turbulence  grid  fitted,  (for  approx.  4.5%  Tu  intensity),  both  the  measure¬ 
ments  and  the  predictions  show  that  the  Very  early  and  complete  (by  X/S  =  0.2)  transition 
leads  to  a  dramatic  increase  in  the  mean  heat  transfer  rate. 

Considering  next  the  effects  on  the  pressure  surface: 

(i,  With  an  undisturbed  low  turbulence  freestream,  the  sudden  dip  to  a  very  low  heat 
trans.er  level  Immediately  around  from  the  leading  edge  at  an  X/S  of  0.04  is  due  to  a 
separation  bubble,  as  had  been  found  by  (17)  ,  and  was  confirmed  by  the  character  of  the 
fluctuating  signals  from  the  fll;n  gauges.  From  the  reattachment  point,  up  to  an  X/S  of 
0.6,  the  heat  transfer  rate  is  observed  to  remain  substantially  constant,  although  the 
nature  of  the  boundary  layer  on  this  portion  of  the  blade  has  not  been  definitively 
established.  Beyond  an  X/S  of  0.6,  however,  the  results  indicate  that  the  boundary  layer 
is  turbulent,  and  remains  so  to  the  trailing  edge. 

(ii)  T)ie  effect  of  freestream  turbulence  (with  the  grid  fitted),  is  principally  to 
augment  the  heat  transfer  rate  between  an  X/5  of  0.05  and  0.6,  where  the  boundary  layer 
Is  probably  transitional  in  the  undisturbed  state.  After  this  point,  however,  where  tlie 
undisturbed  boundary  layer  is  tur)>ulent,  the  effects  on  the  heat  transfer  are  slight. 

UNSTEADY  HF.AT  TR.9HSFER  BESbLTS 

1 .  Effects  of  Freestream  Turbulence  Alone 

The  high  frequency  heat  transfer  instrumentation  was  first  used  to  measure  the  fluc¬ 
tuating  heat  transfer  signals  under  "steady"  freestream  conditions,  comprising  varying 
levels  of  grid-produced  turbulence.  T)»e  results  were  of  considerable  interest,  both  for 
indicating  the  magnitude  and  frequency  of  the  fluctuating  surface  heat  transfer  produced 
by  a  turbulent,  and  by  a  transitional  boundary  layer,  and  for  fundamental  reasons.  Of 
fundamental  interest,  comparison  of  the  signals  obtained  under  "steady"  (i.e.  a  homo¬ 
geneously  turbulent  freestream) ,  and  an  unsteady  freestream  (dominated  by  wake-passing) , 
revealed  considerable  information  on  the  nature  of  the  transition  of  the  blade  boundary 
layer,  caused  by  wake-passing.  As  the  effects  produced  by  wake-passing  on  the  suction 
surface  of  the  blade  were  tlie  most  dramatic,  tlie  dl.scussion  of  t)ie  unsteady  results  is 
confined  to  this  surface. 

The  first  tests  considered  compared  the  fluctuating  )icat  transfer  records  from  the 
suction  surface  gauges  v;it)i 

A:  no  turbulence  grid  fitted  (Tu  <  0.4%) 

15:  a  grid  designed  to  produce  2%  turbulence  Intensity  placed  In  the  flow  upstream 

of  the  cascade. 

The  low  degree  of  fluctuation  evident  In  t)»e  heat  transfer  signals  for  case  "A", 
coupled  with  t)ie  decrease  in  tlie  mean  heat  transfer  level,  are  characteristic  of  a  laminar 
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boundary  layer.  This  develops  from  the  leading  edge,  and  has  evidently  still  not  begun 
transition  at  the  location  of  the  last  gauge  recorded  (gauge  11,  X/S  =  .48). 

On  trace  "D",  (i.e.  with  2%  freestream  Tu) ,  small  disturbances  are  first  discernible 
as  increases  of  the  heat  transfer  level  at  gauge  4,  and  are  rapidly  amplified  by  gauge  6. 

At  all  gauges,  from  4  to  9 ,  the  heat  transfer  rate  between  upward  disturbances  corresponds 
to  that  associated  with  an  undisturbed  laminar  boundary  layer.  Dy  gauge  11,  the  signal  is 
considerably  calmer,  and  displays  only  occasional  dips  to  an  intermediate  value. 

The  character  of  traces  "D"  is  strongly  indicative  of  a  gradual  transition  of  the 
laminar  boundary  layer,  beginning  at  an  X/S  value  of  approximately  0.1  (gauge  4),  and 
finishing  near  an  X/S  value  of  0.5  (gauge  11).  The  upward  pulses  in  heat  transfer,  first 
appearing  on  gauges  4  to  6 ,  indicate  the  stochastic  formation  of  turbulent  spots.  Furtjier- 
more,  FFT-based  cross  correlation  techniques  applied  to  l;he  fluctuating  signals  reveals  a 
mean  convection  rate,  of  about  0.65  times  tlie  local  freestream  speed  for  the  heat  transfer 
disturbances.  This  value  is  roughly  equivalent  to  the  mean  propagation  velocity  of  a  tur¬ 
bulent  spot  in  the  flat  plate  boundary  layer  (23i . 

In  considering  the  fluctuating  heat  transfer  traces,  it  is  worth  noting  that  the  film 
gt  -cs  are  effectively  epan-wlqe  averaging:  although  they  are  only  0,5  to  at  most  1  mm 
v/iue  in  the  streamwise  direction,  they  extend  over  approximately  the  centre  10  mm  of  blade 
span.  As  the  process  of  natural  transition  involves  the  formation  and  spreading  of  three 
dimensional  spots,  it  is  clear  that  the  instantaneous  level  of  heat  transfer  rate  measured 
at  any  gauge  location  in  the  transition  zone  depends  on  the  percentage  of  the  gauge  which 
is  covered  by  turbulent  spots. 

Comparing  next  the  effects  of  high  (4.51)  and  low  (<0.41)  turbulence  intensity,  Fig. 

17,  it  is  immediately  evident  that  the  high  level  of  turbulence  results  in  a  much  more 
rapid  completion  of  transition  (by  X/S  0.2),  than  was  observed  with  only  2%  turbulence. 

2 .  The  Kffejts  of  Isolated  Wajees  on  an  (Otherwise)  Laminar  Boundary  Layer 

Wit)i  on]y  2  bars  fitted  to  the  wake -generator,  the  spacing  between  successive  distur¬ 
bance  cycles  may  be  increased  to  four  times  the  approximate  engine  scaled  spacing.  (Thus 
the  boundary  layer  is  allowed  to  relax  fully  between  eac)\  cycle.)  In  Fig.  18,  a  com¬ 
parison  is  made  between  the  effects  of  isolated  wakes  (without  superposed  grid  turbulence) , 
and  the  effect  of  a  high,  and  very  low  level  re.spectively  of  freestream  turbulence  acting 
alone  (from  Fig.  17).  (For  these  tests  the  wake  generator  was  run  at  a  reduced  speed,  so 
tliat  there  is  no  complicating  effect  due  to  a  noticeable  shock  wave  from  the  bar.) 

The  traces  clearly  indicate  that  the  effect  of  eacli  passing  wake  is  to  induce  a  rapid 
and  complete  transition  of  an  otherwise  laminar  boundary  layer  to  a  temporarily  fully  tur¬ 
bulent  state.  It  may  be  observed  that  the  temporary  high  ):eat  transfer  level  is  very 
close  to  that  which  could  have  been  generated  by  inducing  transition  at  a  similarly  early 
location,  by  some  other  means,  such  as  high  level  of  freestream  turbulence.  (This  has 
been  further  confirmed  by  comparing  the  heat  transfer  signals  on  a  laminar  and  an 
artificially  tripped  boundary  layer,  (17).) 

The  almost  "square  wave"  shape  of  t)ie  transient  heat  transfer  disturbance  caused  by 
each  wal<e,  v;hich  indicates  that  a  full  transition  occurs,  is  In  marked  contrast  to  the 
traces  obtained  where  "natural"  transition  is  occurring.  In  the  latter  case,  the  instan¬ 
taneous  level  depends  on  the  fraction  of  t!ie  gauge  covered  by  turbulent  spots;  w)icreas 
with  wake-passing,  the  form  of  the  signals  suggests  that  fully  turbulent  patches  are 
generated  across  the  entire  blade  span  by  each  succeeding  wake. 

3 .  The  Effects  of  Isolated  VJakes  on  a  Transitional  Boundary  Layer 

The  effects  of  wake-passing  on  a  transitional  (suction  surface)  boundary  layer  are 
illustrated  by  t)ie  sample  traces  in  Fig.  19.  hy  placing  a  turbulence  grid  in  the  flow 
well  up-stream  of  the  cascade,  to  generate  2%  intensity  at  the  cascade  inlet,  it  was  found 
(referring  to  Fig.  16)  that  a  gradual  tran.sitlon  may  be  induced  on  the  suction  surface. 

T)se  transition  process  which  results  from  the  combination  of  isolated  wake-passing  and 
moderate  freestream  turbulence  is  not  significantly  different  than  would  have  been 
anticipated  from  a  consideration  of  Figs.  16  and  18.  In  particular,  there  is  no  evidence 
that  tlie  so-called  "becalmed  regions"  (temporary  regions  of  enforced  1-arainarity  wjileh 
occur  after  the  passage  of  a  turbulent  spot  in  tl»e  flat  plate  boundary  layer)  ,  and  whic)i 
wer  .  o)iserved  in  Ffeil'stli;  study  of  wake-passing  on  a  flat  plate,  exist.  Examination 
of  che  unsteady  heat  transfer  records  did  not  show  each  temporary  turbulent  patch  pro¬ 
duced  by  a  wake  to  be  followed  by  a  short  interval  of  laminar  flow.  A  consideration  of 
the  proposed  spot  calming  behaviour,  however,  indicates  that  In  oases  v;here  the  blade 
transition  begins  so  close  to  the  leading  edge,  as  In  this  tost  profile,  t)ie  effect  (even 
if  it  ..ay,  in  L.icl,  occur  on  a  blade)  is  precluded  from  playing  a  significant  role. 

4 .  The  Effects  of  Closel v  Spaced  Wakes  on  Transitional  and  Turbulent  Boundary  Layers 

The  effects  of  closely  spaced  wakes  on  an  otiierwlse  laminar  suction  surface  blade 
boundary  layer  are  shown  In  Fig.  20A.  The  basic  process,  whereby  eac)i  passing  wake 
cavises  a  turbulent  patcli  to  form,  which  Is  then  convected  downstream,  is  similar  to  that 
which  occurred  with  Isolated  wakes.  With  closely  spaced  wakes,  however,  the  successive 
turbulent  patclie.s  eventually  merge  to  form  a  continuously  turbulent  boundary  layer.  The 
patches  are  just  beginning  to  merge  by  gauge  11  in  Fig.  20A.  In  tests  with  a  large 
(1.7  mm)  diameter  bar  fitted,  1131,117),  the  broader  patc-ies,  produced  by  the  v/lder  wake 
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ailed  by  the  larger  bar,  were  in  fact  observed  to  have  fully  merged  by  this  point 
(X/S  -  0.0) . 


A  reasonably  high  level  of  homogeneous  freestream  turbulence  has  been  shown  (Fig.  17) 
by  it.self  to  be  sufficient  to  cause  an  early  transition  of  the  boundary  layer  on  the  suc¬ 
tion  surface  of  the  test  blade.  The  most  dramatic  heat  transfer  effects  of  the  wakes, 
which  are  due  to  the  characteristic  forced  transition,  are  absent  in  the  case  of  combined 
wake-passing  and  high  freestream  turbulence  (Fig.  20B) .  The  heat  transfer  effects  of 
wakes  on  a  turbulent  boundary  layer  were  thus  found  to  be  much  less  than  on  a  laminar 
boundary  layer.  This  was  further  supported  by  artificially  tripping  the  boundary  layer 
117).  The  only  effect  of  adding  wakes  to  the  basic  turbulent  flow  is  to  increase  the 
level  of  fluctuation  of  the  heat  transfer  signal  somewhat,  as  the  mean  level  is  almost 
everywhere  close  to  that  caused  by  t'.igh  turbulence  alone.  It  is  tempting  to  conclude  that 
in  each  of  these  cases  the  type  of  (turbulent)  boundary  layer  is  virtually  identical,  and 
is  not  significantly  modified  by  the  unsteady  wake  passing  flow.  Further  detailed  studies 
are  clearly  needed  to  examine  this  aspect  of  tlie  effects  of  wake-passing. 

BOUNDARY  LAVER  TIME  HISTORY 


Typical  variation  in  the  boundary  layer  response  to  the  passing  of  individual 
isolated  wakes  at  an  X/S  =  0.5  is  shown  in  Fig.  21.  It  is  interesting  to  note  that  the 
forward  transition  from  the  laminar  to  the  turbulent  level  may  vary  by  up  to  100  us, 
whereas  relaxation  back  to  the  laminar  state  occurs  with  a  variation  of  not.  more  than 

20  us.  As  the  boundary  of  the  wake  is  not  a  smooth  curve,  but  consists  of  an  irregular, 

wavy  interface  there  will  effectively  be  a  small  uncertainty  in  time  between  the  arrival 
of  the  leading  edge,  and  departure  of  tl^e  trailing  edge  of  each  individual  wake  past  a 
given  location  of  the  blade.  This  may  be  expressed  as  a  time  uncertainty,  which  a  very 

crude  estimate  suggests  to  be  of  the  order  of  10  us  for  the  case  considered.  This  is 

nearly  sufficient  to  account  for  the  variation  in  the  relaxation  back  to  the  laminar  level 
of  the  individual  wakes,  but  does  not  account  for  the  variation  in  the  forward  transition. 

A  simple  comparison  between  the  rate  of  progression  of  the  wake  (travelling  in  the 
freestream) ,  and  the  boundary  layer  disturbance  which  it  produces,  reveals  much  about  the 
transition  process  responsible  for  the  fluctuating  heat  transfer  rate.  By  defining  the 
time  at  which  the  leading  edge  of  a  wake-induced  turbulent  patch  reaches  a  given  gauge 
location  on  the  blade,  as  the  instant  when  the  heat  transfer  rate  rises  to  50%  of  the 
maximum  level  attained,  and  conversely  for  tlie  patcli  trailing  edge,  it  is  possible  to 
chart  the  progress  of  the  turbulent  patches  along  the  blade  surface.  The  Schlieren 
photographs,  supplemented  by  the  simple  prediction  scheme  record  the  progress  of  the  wake, 
and  the  comparison  is  made  in  Fig.  22. 

The  trajectories  of  points  travelling  along  the  blade  surface  at  the  freestream 
velocity,  and  at  half  the  freestream  velocity  respectively,  claculated  from  the  predicted 
surface  velocity  distribution  are  also  shown.  It  is  strikingly  clear  that  the  trailing 
edge  of  the  wake-induced  disturbance  propagates  at  very  nearly  half  the  freestream 
velocity,  which  corresponds  to  the  trailing  edge  velocity  of  a  turbulent  spot  in  the  flat 
plate  boundary  layerl23] .  There  is  a  noticeable  delay  between  the  arrival  of  the  wake  at 
a  given  point  on  the  blade  surface,  and  the  instant  when  transition  begins  at  that  point. 
Also  remarkable  is  the  fact  that,  unlike  relaminarisation,  the  forward  transition  to  tur- 
bv fence  does  not  appear  to  propagate  at  a  uniform  rate  along  the  blade.  Instead  it  would 
appear  that  the  transition  is  accomplished  slightly  earlier  at  an  X/S  of  0.5,  than  at  an 
X/3  of  0.35.  The  process  of  forward  transition  at  a  given  po.lnt  is  a  more  formidable 
problem  than  relaminarisation,  since  in  the  former  case  the  s  ability  problem  involves  a 
potential  contest  between  simultaneously  evolving  freestream  and  boundary  layer  distur¬ 
bances  interacting  with  the  entire  boundary  layer,  whereas  in  the  latter  case,  only  the 
decay  of  boundary  layer  disturbances  remaining  after  the  passing  wake  are  of  concern. 

MFAN  HliAT  TRANSFER  RESULTS 


The  mean  heat  transfer  rate  to  the  rotor  profile  suction  surface  io  s)^own  in  Fig.  23, 
and  to  the  pressure  surface  in  Fig.  24.  Considering  the  suction  surface  first: 

The  steadily  decreasing  heat  transfer  associated  with  a  laminar  boundary  layer,  and 
the  nearly  constant,  high  level  associated  with  a  turbulent  uuunciary  layer  caused  by  the 
grid  turbulence  have  been  already  discussed. 

With  the  wake-generator  run  (and  the  small  bars  fitted) ,  but  without  combined  high 
free-tream  turbulencj,  the  mean  heat  t'-ansfer  rate  level  is  observed  to  lie  ))et.ween  that 
ast  'ted  with  a  laminar  (low  Tu  freestream)  boundary  layer,  and  that  associated  with  a 
bou  y  layer  which  undergoes  an  early,  full  transition  (high  Tu  freestream) .  The 
unsteady  heat  transfer  traces  (Fig.  20A)  revealed  that  wake-passing  causes  an  unsteady 
transition  on  this  portion  of  the  blade  surface,  with  the  boundary  layer  periodically 
alternating  between  the  fully  turbulent  and  laminar  states.  The  mean  heat  transfer  at 
each  point  in  tliis  region  thus  depends  on  the  proportions  of  each  cycle  which  are  spent 
in  the  laminar  and  fully  turbulent  stales  respectively. 

With  a  background  level  of  4  -  5%  turbulence  (produced  by  a  grid)  superposed  on  the 
unsteady  flow,  the  mean  heat  transfer  rate  to  the  majority  of  the  instrumented  portion  of 
this  surface  is  practically  identical  to  that  resulting  with  grid  turbulence  alone. 

Considering  next  the  effects  on  the  pressure  surface: 
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UiiLwc,  an  X/S  of  0.2  and  0.6,  where  it  is  thought  that  the  boundary  layer  may  still 
be  transitional,  the  superposition  of  wake-passing  with  high  freestreara  turbulence 
noticeably  increases  the  mean  heat,  transfer  level  above  that  associated  with  an  undistur¬ 
bed  Ereestream.  After  this  point,  where  even  the  undistrubed  boundary  layer  is  fully  tur¬ 
bulent,  there  does  not  appear  to  be  any  increase  in  mean  heat  transfer  level  with 
increased  freestreara  unsteadiness, 

Tnese  results  reinforce  the  conclusion  that  the  most  dramatic  effects  of  wake-passing 
on  the  mean  heat  transfer  rate  occur  where  wake-passing  causes  an  otherwise  laminar  boun¬ 
dary  layer  to  undergo  an  unsteady  transition.  Where  the  boundary  layer  is  already  tur¬ 
bulent  the  effects  on  the  mean  level  are  much  leas  significant,  although  there  may  still 
remain  increased  heat  transfer  fluctuations. 

COMCLUSIOMS 

A  facility  has  been  developed  which  enables  studies  to  be  made  of  the  effects  of  wake¬ 
passing  on  a  model  turbine  blade  mounted  in  a  stationary  cascade.  The  simulation  tech¬ 
nique  allows  detailed  measurements  of  heat  transfer  (or  pressure) ,  and  high  quality 
Schlieren  flow  visualisation  to  be  obtained  at  conditions  representing  full  scale  engine 
Reynolds  and  Mach  numbers.  In  addition,  the  flexibility  of  tlie  technique  has  enabled  the 
effects  of  wakes  of  varying  strength  and  spacing,  shock-waves  (not  reported  here) ,  and 
freestreara  turbulence  to  be  studied  both  in  isolation,  and  in  multiple  combinations. 

The  spar);  Sclilieren  photographs  which  were  obtained  showed  in  considerable  detail  the 
distortion  of  t)ie  wakes  in  the  rotor  blade  passages.  The  relative  success  of  the  simple 

wake  prediction  technique  used  indicated  tliat  much  of  the  behaviour  of  the  wake  segments 

is  dominated  by  the  very  high  accelerations  which  occur  in  first  stage  modern  turbines. 

The  results  of  the  high  frequency  heat  transfer  measurements,  indicated  that  the 
primary  effect  of  wake-passing  on  an  othewise  laminar  blade  boundary  layer  is  to  promote 

an  early,  unsteady  transition.  This  unsteady  transition  may  significantly  affect  the 

blade  performance,  both  by  greatly  increasing  the  mean  level,  and  by  causing  severe 
periodic  fluctuations  in  the  heat  transfer  rate.  Analysis  of  the  convection  and  spread¬ 
ing  or  the  turbulent  boundary  layer  patches  produced  by  each  passing  wake  lias  shown  that 
there  is  a  markeci  delay  between  the  time  at  which  the  wake  segment,  travelling  in  the 
freestream,  has  cleared  a  given  point  on  the  surface,  and  the  instant  when  the  boundary 
layer  reverts  to  the  laminar  state.  This  delay,  which  is  caused  by  the  slow  rate  at 
which  events  propagate  in  the  boundary  layer,  further  increases  the  mean  heat  transfer 
level,  and  leads  to  an  earlier  completion  of  transition. 

For  the  purpose  of  estimating  tho  mean  heat  transfer  rate  in  the  transition  region, 
tlio  regular  "square  wave"  form  of  the  fluctuating  heat  transfer  caused  by  the  switching 
of  tlie  boundary  layer  state  suggests  the  use  of  an  Intermlttenoy  function.  Suitable 
intormittency  functions  can  only,  however,  be  satisfactorily  calculated  with  reference  to 
the  evolution  of  the  turbulent  patches,  as  shown  in  the  X-T  diagram  of  Fig.  22. 

The  effects  of  wake-passing  on  the  )ieat  transfer  rate  to  an  already  transitional 
boundary  layer  (as  occurs  naturally  on  much  of  the  pressure  surface  of  the  test  profile, 
or  as  could  l^e  induced  on  the  suction  surface)  ,  were  found  to  be  somewhat  less.  The  mean 
heat  transfer  rate  is  nevett)>eiess  raised,  as  each  passing  wake  generates  a  fully  tur- 
buelent  patc)i,  thus  increasing  the  mean  level. 

Where  a  fully  turbulent  boundary  layer  occurs  either  naturally,  or  is  forced  by  the 
addition  of  freestream  turbulence,  the  effects  of  wake-passing  on  the  heat  transfer  rate 
wore  found  to  be  very  much  reduced  for  the  test  profile  considered.  Although  the  mean 
level  was  not  noticeaoly  affected  by  the  addition  of  wake-passing  to  the  basic  flow,  there 
was,  however,  a  noticeable  increase  in  the  fluctuation  level. 
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DISCUSSION 


G.H.DibvIius.  Gi’ 

riic  results  of  yinii  tfX|Kriment  wiili  rniiiting  bi>rs  ii;  front  of  a  liiilriiie  cascade  arc  really  exlreiiicly  imeresling.  However, 
I  Mill  keep  wondering,  if  il  rcsenihles  completely  the  situation  of  a  moving  cascade  behind  a  stationary  casciide.  Isn't 
there  a  difference  in  the  three  dimensional,  tion-isotropie  structure  of  the  turbulence  in  both  cases?  Did  you  make  any 
comparison? 

Aiilltor's  Kcply 

I  iigree  that  there  may  Ire  diffuicnees  in  the  wave-number  spectra  of  fluctuating  velocities  in  the  wakes  produced  by 
rotating  bars  and  by  itctual  noit'/le  guide  vanes  respectively.  Such  differeticcs  will  be  very  protiounecd  in  the  iicar-wake, 
but  probably  tnueh  reduced  tit  itilcl  to  the  rotor.  'Iltcsc  differences  arc  not  considered  to  be  signiricant  for  the  engine 
situation  considered  here,  for  the  following  reasons: 

f  irstly,  for  the  representative,  high-elTiciency  nozzle-guide  vane,  turbine  slttgc  consitlered,  the  comparatively  large  mid- 
height  ti.xial  spacing  between  vtitic  and  rotor  (approx.  411%  rotor  axial  chord),  and  the  high  vane  deflection  angle  (grctiter 
than  7(rf,  result  in  the  wtike  Iravcllittg  a  large  sircainwise  distance  from  vane  trailing  edge,  to  point  of  fust  impitigcmcnl 
ii:i  the  rotor  blade  stirface.  Wake  Irtis'erse  measureinenls,  reported  in  1 1  .^|,  of  the  wakes  shed  by  a  vtine  cascade,  tind 
circular  cylitidcr,  iiulictited  that  at  the  rotor  inlet,  the  wake  (of  the  vane  used),  eotild  lx;  closely  simulated  in  terms  of 
mean  width  anil  s'cloeity  defect  by  the  wake  front  a  circular  cylinder  of  a  diameter  close  to  the  vane  trailing  edge  circle 
diameter,  nuts,  for  a  high  efficiency  vane  (small  diameter  trtiilingeilge),  the  wake  may  travel  200  effective  cylinder 
diameters  before  impinging  ott  the  rotor  blade.  After  such  large  distancc.s,  it  is  thus  not  anticip.iled  that  the  difference 
between  the  respective  lurbttlencc  spectra  will  be  severe. 

l•urtllcrt)1ore,  the  e.xperiinetils  have  indicated  that  the  most  dramatic  fcalure  of  unsteady  rotor  heat  Iraitsfcr  is  ctitised  by 
the  forniiitioti  and  convection  of  tnrbnleitt  patches,  produced  by  tlie  impingitig  v/akes,  in  aii  otherwise  latniiiar  houtidary 
liiyor.  The  very  early  generation  of  these  turbulent  patche.s  results  from  the  high  turbulence  coiilctit  of  the  wakes,  which 
contuiti  iihunihtni  energy  id  the  high  .vtiventimber  pan  of  ttic  spcctnun.  The  transient  level  of  heal  transfer  pertaitiing  to 
each  turbulent  patch  appears  virtually  independent  of  how  the  patch  was  genenited,  liowcvcr,  as  demonstrated  by  the 
results  rcporiud  here,  (compaiing  the  heat  transfer  produced  momeitlarily  by  wakes,  and  continuously  by  high 
fi'cc.stream  lurbuleitcc)  and  by  Ihose  of  1 1 2. 1 3|  where  the  effect  of  varying  wake  size,  itnd  of  tripping  the  boundiiry  layer 
were  cotisidercd. 

As  the  Wilkes  ippear  guaranteed  to  initiate  an  early  transilion  therefore,  it  is  cuncludcd  lliat  it  is  the  convection,  and 
transport  of  the  wakes  within  the  passage,  which  define  the  regions  of  laminar,  and  highly  turbulent  freestream 
respectively,  which  is  of  greater  significance  than  the  precise  spectral  content  of  the  wakes.  Lastly  1  should  say  that  a 
more  serious  difference  between  this  simulation  itnd  the  actual  engine  is  that  the  simulation  does  not  reproduce  the  vane 
secondary  flow, 


S.Wittig,  C  ic 

In  comnicniing  on  I’rof.  Dibclius  iinii  I’rof.  Schultz's  questions  (sec  previous  ptipcr),  il  is  our  feeling  that  the  details  of 
the  turbulence  structure  of  the  wakes  are  of  second  order  iniportance.  This  seems  to  be  supported  by  our  measurements 
where  tlic  effects  of  main  flow  turbulence  and  wakes  were  deliberately  separated. 

In  addition,  cxcliiiling  .shock  inleraclioiis,  our  modeling  seems  to  indicate  that  wake  cutting  at  frequencies  beyond  I  kHz 
with  its  effects  on  the  bliidc  —  i.e.  temperature  and  stresses  -  can  be  described  by  quasi-steady  analysis.  Whiil  is  your 
opinion  on  that  ob.servalion? 

Author's  Reply 

In  so  far  as  the  turbulence  conlcnt  of  the  wake  produces  turbulent  paleiies  in  the  boundary  layer,  which  mtiy  merge 
fortmitg  a  contiiuioiisly  turbulent  boundary  layer,  then  I  fully  agree  with  you  that  the  heal  transfei  rtite  is  dcicrinined  by 
the  boundary  liiycr  state,  and  once  lurbuleiil,  is  largely  independent  of  Ireeslrcam  disturbance  spectra.  Tlic 
mcasufenieiits  which  yotl  reported  in  paper  No.6  shov/ed  that  towards  the  rear  position  of  the  blade  suclioti  surfitee, 
where  the  boundary  layer  is  fully  turbulent,  the  effect  of  varying  the  level  of  rreestieiim  turbulence  has  negligible 
itinuence. 

I'liese  results  agree  with  our  measurements  which  indicated  that  the  Iraiisiciit  level  of  beat  transfer  produced 
itisliunancously  by  a  wake,  and  the  mean  level  of  heal  transfer  which  occurs  when  the  tiirbulc  it  patches  produced  by 
the  wakes  Ittive  nierged,  arc  identical  to  the  heat  transfer  which  could  be  produced  by  tripping  the  bounda''y  layer  by 
high  levels  of  grid  turbulence.  So  the  ittissver  airpears  to  be  that  provided  the  wake  (engine  or  simulated)  contain 
sufficient  energy  (which  is  not  dutihled)  to  provoke  early  transition,  then  the  line  details  of  spectnil  eontent  appear.s 
signifieant.  I  should  add  tlitil  this  cimclusiiiii  may  not  equivalently  hold  on  the  pressure  surface,  where  it  docs  not  aptx;nr 
thiit  the  boundary  layer  stale  is  simple. 

I  think  that  in  Iraasition  region,  if  il  is  iicceplcd  that  the  Imundary  layer  may  Ivc  laminar  between  wakes  (I  iiccept  (hat 
there  may  be  some  doubt  if  there  reniaiiis  sufficient  turbulence  between  the  wakes  In  initiate  an  early  tiansitioii,  or  other 
factors  arc  present)  then  the  unsteady  problem  must  lx;  studied,  and  a  (|uasi-static  analysis  will  not  suffice.  Certainly  ibe 
(|iiasi-statlc  approach  does  not  appear  to  work  in  analytical  .shidie.s  of  lict  plate  ti  aiisilion  and  as  contained  in  the  answer 
lo  Prof.  Dibelius,  the  motion  of  the  wakes  within  the  blade  |)a,ssagcs  must  be  considered.  Utstly  we  must  also  consider 
the  effects  of  shock  waves  wliicli  unfortiiiiately  cannot  be  excluded. 
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SUMMARY 

Film  cooling)  With  Injection  through  a  single  row  of  discrete  circular  holes  Is  a  3- 
dlmenslonal  process  which  becomes  more  and  more  2-dlmensional  with  downstream  distance 
from  the  Injection  site.  In  order  to  develop  and  verify  prediction  methods  experimental 
Investigations  within  the  mixing  region  downstream  of  the  coolant  Injection  were  under¬ 
taken  , 

The  measurements  discussed  In  this  paper  were  carried  out  using  simple  film  cooled 
models  at  a  mainstream  temperature  of  about  100  *C  and  a  coolant  temperature  of  about 
30  *C.  Coolant  distributions  on  the  adiabatic  wall,  adiabatic  wall  effectiveness  and 
heat  transfer  coefficients  affected  by  blowing  are  presented. 

The  blowing  parameter  was  varied  from  0.5  to  2  and  the  pitch  to  diameter  ratio  was 
varied  from  1.5  to  5  with  a  constant  hole  diameter  of  2  mm.  Injection  angles  of  10  deg., 
45  deg.  and  90  deg.  are  covered.  A  flexible  wall  was  used  to  produce  zero,  favourable 
and  adverse  pressure  gradients  along  the  flat  plate. 

Additional  measurements  were  conducted  on  concave  and  convex  curved  walls  with  zero 
pressure  gradient. 


LIST  OF  SYMBOLS 

A  Cross  section 
b  equivalent  slot  width 
d  hole  diameter 

h^  heat  transfer  coefficient  without  blowing 
h^  heat  transfer  coefficient  with  blowing 
p  stat.  pressure 

film  cooling  heat  flux 
R  radius  of  streamwlse  curvature 
s  hole  spacing 

T  local  gas  temperature 

T^  coolant  temperature 

T^  free  stream  temperature 

T^^^  adiabatic  wall  temperature 
Tu  free  stream  turbulence 

u^  free  stream  velocity 

v^  blowing  velocity 

X  streamwlse  distance 

X  dimensionless  parameter 

a  inclination  of  the  hole  (in  streamwlse  direction) 

6^  boundary  layer  thickness 

n-  film  cooling  effectiveness 
r 

0  dimensionless  temperature 
freestream  density 
pj,  coolant  density 

f  blowing  rate 

INTRODUCTION 

The  development  of  gas  turbines  Is  characterized  by  increasing  the  compressor  pressure 
ratio  and  the  turbine  Inlet  temperature  in  order  to  increase  specific  power  and  efficien¬ 
cy. 

But  near  the  physical  limits, e.g.  capacity  of  the  coolant  or  stoichiometric  combustion 


/ 


K-2 

temperature,  great  care  is  necessary  to  protect  highly  loaded  parts  of  the  high  pressure 
turbine,  because  a  small  increase  in  metal  temperature  can  lower  the  engine  lifetime 
drastically.  The  use  of  film  cooling  is  a  means  to  intensify  the  convection  cooling  at 
critical  locations  on  the  blade.  With  film  cooling,  air  is  blown  out  from  the  surface 
to  be  cooled  and  mixes  with  the  hot  gas  flow  near  the  wall  so  that  a  film  of  cooler  gas 
is  formed  which  is  effective  over  a  certain  region  downstream  from  the  point  of  blowing. 
It  is  known  that  ejecting  the  coolant  through  inclined  or  tangential  slots  is  most  effec¬ 
tive,  but  high  stress  levels  and  aerodynamic  penalties  dictate  the  use  of  discrete  holes 
in  one  or  more  rows. 

Blowing  through  slots  as  well  as  full  coverage  film  cooling  geometries  offer  the  ad¬ 
vantage  of  nearly  two  dimensional  conditions  within  the  mixing  layer  and  in  these  cases 
successful  calculation  schemes  have  been  developed.  But  downstream  of  discrete  holes  the 
processes  in  the  boundary  layer  and  beyond  it  are  of  more  or  less  three  dimensional  char¬ 
acter  and  the  design  of  such  configurations  requires  more  complex  calculations  in  the 
region  of  strong  spanwise  nonuniforralty  in  the  vicinity  of  the  holes. 

The  present  experimental  study  should  help  to  obtain  more  insight  into  the  Influence 
of  important  parameters  affecting  film  cooling  and  thus  help  to  optimize  new  design 
procedures. 

The  heat  exchange  between  the  hot  gas  and  the  film  cooled  wall  depends  upon  numerous 
parameters,  e.g.  the  blowing  rate  (defined  as  the  ratio  of  velocity  times  density  of  the 
coolant  to  velocity  times  density  of  the  mainstream  gas) ,  the  ratio  of  momentum,  the 
boundary  layer  thickness  (relative  to  a  characteristic  length  of  the  blowing  geometry 
such  as  hole  diameter) ,  the  relative  hole  spacing,  the  number  and  the  spacing  of  the  rows 
as  well  as  the  hole  arrangement  (staggered  or  in  line),  the  injection  angle  (st’-eamwise 
and  lateral)  and  the  shape  of  the  holes.  In  addition  to  these  typical  film  cooling 
parameters  there  are  general  heat  transfer  parameters  like  Reynolds  number,  temperature 
ratio,  roughness,  freestream  turbulence,  pressure  gradient  and  wall  curvature,  which  may 
change  their  influence  due  to  film  cooling. 


The  measurements  reported  here  take  into  account  the  influence  of  blowing  rate,  rela¬ 
tive  hole  spacing,  inclination  of  the  holes  in  the  streamwise  direction,  pressure  gra¬ 
dient,  and  wall  curvature. 

EXPERIMEMTAIi  TECHNIQUE 

The  experiments  and  their  results  ate  based  upon  the  adl.abatic  wall  temperature  con¬ 
cept.  The  heat  flux  Is  given  by 


%  =  ^ 


-  ^ad' 


'^wad  adiabatic  wall  temperature  downstream  of  the  injection  with  the  effect  of  the 

coolant  film.  Tv,ad  defined  In  terms  of  the  film  cooling  effectiveness 


•^o-^wad 

^o-'^c 


1  _  To  -  Tg 

The  heat  exchange  on  a  film  cooled  wall  can  be  described  by  n  and  h_,  where  np  ”  Tq  -  Tv(h=0) 
is  the  dimensionless  temperature  without  heat  transfer  and  hp^is  the^heat  transfer  coef¬ 
ficient  for  isothermal  conditions 


T, 


=  0. 


In  the  present  test  the  adiabatic  case  is  nearly  realized  and  h_  is  extrapolated  assuming 
linearity  between  the  measured  heat  transfer  and 


T  -  T 
o  c 


This  is  valid  because  the  governing  energy  equation  is  linear  tor  constant-property,  low- 
speed  flow.  In  order  to  follow  the  mixing  between  the  hot  gas  and  the  coolant  jets,  the 
distribution  of  the  dimensionless  temnerature  ratio 


is  given  for  some  oases. 

For  measurements  of  three  dimensional  temperature  distributions,  models  made  from 
plastics  with  a  poor  thermal  conductivity  were  used.  Each  heat  transfer  model  has  ten 
copper  blocks.  Individually  cooled  by  Internal  air  flows,  in  t)ie  streamwise  direction. 

On  the  plastic  models,  the  gas  and  adiabatic  wall  temperatures  were  measured  by  means 
of  one  very  small  thermocouple  probe  similar  In  appearance  to  a  hot  wire  probe.  The 
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temperature  near  the  wall  In  nearly  zero  temperatute  gradient  was  assumed  to  be  the 
adiabatic  wall  temperature.  The  coolant  temperato-e  was  measured  with  the  probe  in  the 
middle  of  a  jet  in  the  plane  of  the  surface.  The  test  section  is  shown  in  fig.  "i  . 

RESULTS 

The  particular  objective  of  this  experimental  study  was  to  examine  systematically  the 
influence  of  hole  spacing  and  inclination  for  different  blowing  rates,  pressure  gradients, 
and  wall  curvatures  upon  adiabatic  effectiveness  and  heat  transfer  on  a  film  cooled  sur¬ 
face  downstream  of  a  single  row  of  holes.  To  support  efforts  toward  computationa'l  treat¬ 
ment  of  the  complex  three  dimensional  mixing  processes,  110)  the  spreading  of  the  coolant 
jets  is  described  by  temperature  distributions  in  the  region  near  the  wall.  For  simpler 
design  methods  using  empirical  correlations  or  modified  two  dimensional  boundary  layer 
concepts  it  is  thus  known  at  what  downstream  distance  the  flow  can  be  assumed  to  be  two 
dimensional . 

The  literature  is  rich  in  reports  of  experiments  which  take  into  account  different 
important  film  cooling  parameters,  but  there  is  less  information  on  the  influence  of  hole 
spacing  and  important  combined  influences.  All  the  test  conditions  of  the  present  study 
are  given  in  table  1. 

A  comparison  with  results  taken  from  the  literature  (9)  is  given  in  fig.  2.  With  nearly 
the  same  parameters  the  agreement  for  low  blowing  rate  is  good;  looking  at  the  differences 
for  the  higher  blowing  rate  one  must  keep  in  mind  a  slightly  different  density  ratio  but 
the  qualitative  trend  of  the  curves  is  the  same. 

The  laterally  averaged  TTp-values  are  the  area-weighted  mean  values  of  the  local  tem¬ 
perature  measurements  at  constant  x.  The  film  cooling  heat  transfer  coefficients  are 
evaluated  from  effectiveness  values  bas£,d  upon  one  thermocouple  reading  each  in  the 
middle  of  the  ten  copper  bars  of  the  beat  transfer  model,  which  can  be  assumed  to  be 
"streamwise"  adiabatic  without  internal  coolant  flow.  The  lateral  conductivity  within 
the  copper  bars  may  Influence  the  effectiveness  such  that  for  la-ge  hole  spacing  it  is 
a  littJ.e  higher  than  on  the  plastic  model  and  for  small  hole  spacing  vice  versa.  The 
differences  are  small. 

The  influence  of  hole  spacing  and  inclination 

For  optimizing  a  film  cooling  design,  the  influence  of  film  cooling  effectiveness  is 
more  important  than  that  of  var.iations  in  heat  transfer  coefficient  caused  by  film 
cooling. 

Among  the  parameters  affecting  film  cooling,  the  hole  spacing  is  dominant.  Fig.  3 
demonstrates  the  general  distinction  of  coolant  mixing  between  the  limiting  case,  the 
slot,  and  discrete  hole  blowing. 

With  slot  injection,  the  mixing  layer  is  completely  two-dimensional.  Th<=  injected 
coolant  attaches  to  the  wall,  producing  a  high  effectiveness  which  gradually  decreases 
with  increasing  distance  from  the  slot.  In  contrast,  hole  injection  is  a  fully  three- 
dimensional  process.  Even  with  almost  tangential  blowing  through  discrete  holes 
(o  =  10*,  on  the  right  of  the  figure),  the  temperature  distribution  along  the  extended 
centerline  of  a  liole  shows  the  typical  mixing  behaviour  of  hole  injection.  Near  the 
hole,  the  jet  lifts  off  and  acts  as  a  solid  cylinder.  The  recirculating  hot  gas  infil¬ 
trates  the  region  downstream  of  the  hole  until  the  remainder  of  the  jet  reattaches. 

Farther  downstream  the  jets  combine  and  the  flow  field  becomes  more  and  more  two-dimen¬ 
sional  . 

A  single  row  of  holes  with  hole  spacing  s/d  e  5  beliaves  like  multiple  single  jets  (fig. 

4):  the  mixing  of  an  individual  jet  remains  three-dimensional  until  far  downstream,  where 
the  temperature  differences  finally  disappear.  With  a  >  45*  and  high  blowing  rate  «  2) 
the  jet  mixes  with  the  hot  gas  far  away  from  the  wall  without  reattaching ?  the  lateral 
effectiveness  is  poor.  While  bending  and  mixing  the  jet  assumes  the  typical  kidney  shape 
as  a  consequence  of  two  counter-rotating  vortices  within  the  jet. 

With  the  same  inclination  of  the  holes  (a = 45*)  and  the  same  blowing  rate,  closer  spacing 
of  the  holes  leads  to  a  different  behaviour  of  the  jets  (fig.  5)  ,  Along  the  centerline 
close  to  the  holes  the  typical  liftoff  occurs  but  the  coolant  ‘very  rapidly  reattaches. 

The  lateral  temperature  distribution  shows  an  immediate  spreading  of  the  jets  downstream 
of  the  Injection  and  the  jets  grow  together,  while  between  the  jets  the  coolant  moves 
towards  the  wall.  As  a  consequence  of  the  rapid  mixing  of  the  jets  the  flowfield  can 
assumed  to  be  two-dimensional  at  about  8-10  hole  diameters  downstream  of  the  injection. 

The  sketch  in  fig.  6  depicts  the  contrasting  behaviors  of  a  single  jet  (s/d  *5)  and  jets 
flowing  close  together.  Although  the  blowing  velocity  is  the  same,  the  jets  coming  from 
a  row  of  holes  with  small  spacing  dont  penetrate  as  far.  The  secondary  vortices  of  r 

neighbouring  jets  form  a  counterrotating  system  of  vortices  '/1th  opposite  orientation 
which  may  intensify  the  tendency  to  reattach  to  the  wall. 

The  resulting  Influence  of  these  different  mixing  processes  with  different  hole  spacing 
on  the  laterally  averaged  effectiveness  is  demonstrated  in  fig.  7.  With  a = 45*  as  a  re¬ 
presentative  Inclination  the  streamwise  development  of  the  laterally  averaged  effectiveness 
Up  is  shown  for  hole  spaclngs  1.5  £  s/d  $5  and  for  slot  Injection  for  a  high  blowing  rate. 

Tne  greater  the  hole  spacing,  the  farther  downstream  the  reattachment  after  lifting  off 
of  the  coolant  occurs  until  no  effect  of  rcattachment  is  visible  at  s/d  =5.  The  diagram 


on  the  right  shows  the  influence  of  the  blowing  rate  with  different,  hole  spaclngs  at 
x/d  =  20.  With  large  hole  spacing  there  is  a  significant  maximum  in  lateral  effectiveness 
for  blowing  rates  of  about  0.5.  Even  with  slot  injection  a  weak  maximum  is  visible.  Only 
with  the  small  spacing  of  s/d  =  1.5  does  the  effectiveness  continue  to  increase  with  in¬ 
creasing  blowing  rate  due  to  the  above-mentioned  marked  tendency  for  mixing  and  reattach¬ 
ment.  Similar  results  can  be  seen  with  10“  blowing  (fig.  8)  at  higher  levels  of  lateral 
effectiveness.  With  shallow  injection  the  coolant  film  remains  attached  to  the  wall#  which 
gives  high  effectiveness  along  the  centerline  of  the  jet  and  an  enlarged  region  with  high 
lateral  temperature  differences  on  the  wall.  (Fig.  9,  lower).  With  90°  injection  angle 
(Pig.  9,  upper) the  jets  penetrate  the  slower  parts  of  the  flow  and  mix  more  rapidly  away 
from  the  wall  thus  the  lateral  distribution  of  effectiveness  is  lower  but  becomes  2  dimen¬ 
sional  closer  CO  the  injection  site. 

In  addition  to  information  on  film-cooling  effective  -ess,  the  present  study  was  con¬ 
cerned  with  determination  of  film-cooiing  heat  transfer. 

At  small  blowing  rates,  (below  about  0.5)  there  is  no  or  only  small  influence  of  hole 
spacing  on  heat  transfer  coefficient,  but  the  heat  transfer  coefficient  increases  nearly 
linearly  wi‘;)i  higher  blowing  rates.  Fig.  10  shows  the  ratio  of  tlie  heat  transfer  coeffi¬ 
cients  with  and  without  blowing  at  the  position  x/d  =  30.  This  is  approximately  the  middle 
of  the  region  of  interest.  Farther  downstream  the  ratio  of  heat  transfer  coefficients 
approaches  unity. 

With  small  hole  spacing  the  higliest  heat  transfer  coefficients  were  measured  immedi¬ 
ately  downstream  of  the  holes,  whereas  large  hole  spacing  causes  lower  laterally  aver¬ 
aged  heat  tra.nsfer  with  blowing  than  without  blowing  at  small  blowing  rates.  This  may  be 
due  to  a  "smoothing"  effect  of  very  small  blowing  rates. 

Tlie  effect  of  hole  inclination  is  shown  on  the  right.  Blowing  at  90°  does  not  affect 
the  heat  transfer  very  much  because  most  of  the  injected  coolant  acts  far  away  from  the 
wall  and  does  not  affect  the  sublayer  whereas  with  almost  tangential  blowing  the  turbulent 
mixing  of  the  attached  jets  intensifies  the  heat  transfer. 


Summarizing  the  influence  of  hole  spacing  at  the  commonly-used  45°  incl.ination,  the 
heat  transfer  coefficients  can  be  correlated.  Using  the  product  of  the  blowing  rate  and 

an  equivalent  slot.b.  n _ ,  as  tlie  abscissa  the  influence  of  thj  hole  distance  on  heat 

'3  ”  4  (s/d) 

transfer  is  seen  to  be  due  only  to  the  coolant  mass  flux  (fig.  11  on  the  left),  whereas 
the  filmcooling  effectiveness  for  different  hole  spacing  cannot  be  related  to  the  mass 
flux.  The  improvement  in  effectiveness  with  decreasing  hole  spacing  is  not  only  a  conse¬ 
quence  of  higher  mass  flux,  especially  In  the  range  from  s/d =  3  to  1.5  (fig.  11  on  the 
right)  but  also  a  consequence  of  Intensified  mixing  due  to  interaction  of  tlio  jets.  An 
attempt  was  made  to  derive  a  rough  empirical  correlation  for  the  laterally  averaged  effec¬ 
tiveness  which  takes  into  account  the  influence  of  hole  spacing,  the  blowing  rate  and  the 
strearawise  distance,  from  a  row  of  45*-hole5  (fig.  12).  For  x/d >  20  all  the  results  show 
a  uniform  tendency  when  plotted  against  the  dimensionless  parameter 

X  =.  '^(s/d)  ’  •^*''^f>x/d. 


The  effectiveness  then  is: 


Hp  5  1.6  X 


-0.35 


The  influence  of  pressure  gradient 

The  literature  contains  some  contradictory  results  about  the  Influence  of  pressure 
gradient  on  film  cooling.  The  results  presented  here  demonstrate  that  the  influence  of 
pressure  gradient  is  very  small  and  in  most  cases  within  the  range  of  accuracy  attainable 
by  the  tests  described  here.  The  different  pressure  gradients  investigated  are  given  ir 
terms  of  velocity  distributions  along  the  test  plate  (fig.  13).  The  variation  in  pressure 
distribution  starts  upstream  of  the  injection  position,  the  opposite  wall  was  adjusted  so 
that  the  mainstream  velocity  at  Injection  position  was  the  same  in  all  test  cases,  and 
the  blowing  rate  given  in  the  diagrams  was  related  to  that  local  velocity.  On  the  right 
hand  side  of  fig.  13  a  small  advantage  In  lateral  film  cooling  effectiveness  is  shown  for 
adverse  compared  to  favourable  pressure  gradient.  Adverse  pressure  gradient  promotes  the 
tendency  to  "lift  off"  in  the  vicinity  of  the  holes  but  increases  the  effectiveness  farther 
downstream.  This  behaviour  is  underlined  by  the  temperature  distribution  along  the  center¬ 
line  In  fig.  14. 

With  favourable  pressure  gradient  the  jet  does  not  penetrate  as  far.  The  region  occupied 
by  the  coolant  is  flattened  due  to  the  contraction  of  the  main  flow  and  the  coolant  does 
not  act  as  tar  in  the  streamwise  direction  as  do  the  well-mixed  jets  in  an  adverse  pressure 
gradient.  There  seems  to  be  an  optimum  depending  upon  tba  blowing  rate  or  the  jet  momentum 
respectively.  With  the  same  flow  conditions  and  a  higher  blowing  rate  of  f =  2  the  adverse 
pressure  gradient  only  causes  a  thickening  of  the  region  affected  by  the  coolant  without 
having  a  measureable  effect  on  the  laterally  averaged  effectiveness  (fig.  15).  Tha  described 
effect  of  pressure  gradient  seems  not  to  be  an  effect  of  different  boundary  layer  thickness, 
one  would  expect  an  Increase  in  film  cooling  effectiveness  as  the  boundary  layer  thickness 
decreases. 

The  present  measurements  suggest  that  the  pressure  gradient  significantly  affects 
the  film  cooling  effectiveness  only  at  low  blowing  rates  and  small  hole  spacing.  Within 
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the  range  of  variations  of  the  present  study  the  influence  of  pressure  gradient  on  heat 
transfer  was  generally  weak. 

The  influence  of  streamline  curvature  on  filmcooling 

There  are  many  parameters  involved  in  the  mixing  process  of  injected  jets  along  a 
curved  surface  which  act  in  one  or  another  direction  depending  upon  the  quantity  of  special 
parameters  and  it  is  difficult  to  say  what  influence  prevails. 

Within  an  unblown  boundary  layer  along  a  curved  surface  the  parts  with  different  ve- 
loc.’ties  are  affected  differently  by  the  centrifugal  forces.  In  the  presence  of  coolant 
jets  the  velocity  distribution  near  the  wall  depends  mainly  upon  the  blowing  rate  and 
the  blowing  geometry,  which  may  change  the  general  influence  of  curvature.  These  in¬ 
fluences  may  be  overshadowed  by  buoyancy  effects  due  to  the  centrifugal  forces  in  the 
presence  of  density  differences.  In  addition,  the  mixing  of  the  jets  is  Influenced  by 
secondary  motion  in  curved  channels  and  by  separation. 

The  results  reported  here  are  taken  from  models  with  the  same  boundary  layer  starting 
conditions  as  the  flat  plate.  They  are  straight  up  to  about  5  diameters  downstream  of  the 
injection  position.  The  pressure  gradient  in  the  streamwise  direction  for  all  curvatures 
was  adjusted  to  be  zero. 

The  results  of  heat  transfer  measurements  typify  the  known  trend  of  curvature  effects 
far  downstream  of  the  injection  <fig.  16): 

The  stabilizing  effect  of  convex  curvature  decreases  the  exchange  of  turbulence  and  thus 
the  heat  transfer,  while  concave  curvature  increases  the  heat  exchange.  For  x/d  i  30  there 
is  no  particular  influence  of  curvature  In  the  presence  of  blowing  except  for  the  higher 
level  of  heat  transfer  coefficients  with  high  blowing  rates.  Immediately  downstream  from 
the  holes  the  jets  cause  an  effect  opposite  to  that  of  curvature.  The  temperature  dis¬ 
tribution  along  the  hole  centerline  on  a  convex  surface  (fig.  17)  indicates  an  abrupt 
reattachment  at  about  5  hols  diameters  from  the  beginning  of  curvature.  This  produces 
disturbances  near  the  wall  which  may  give  rise  to  increased  heat  exchange.  A  weak  de¬ 
flection  of  the  flow  at  the  beginning  of  a  concave  surface  may  cause  the  opposite  effect 
until  the  destabilizing  effect  of  concave  curvature  slightly  Increases  the  heat  transfer 
rate . 

The  effect  of  curvature  on  film  cooling  effectiveness  is  small  unless  the  cooxant  film 
separates  on  a  convex  surface  with  high  blowing  rates.  With  low  blowing  rates  md  on  the 
upstream  part  of  a  wall,  convex  curvature  is  found  to  increase  laterally  averaged  effec¬ 
tiveness  whereas  concave  curvature  is  found  to  c'.ccrease  effectiveness.  In  Fig.  18  this 
general  behavior  is  demonstrated  for  a  blowing  configuration  with  small  spacing  (s/d- 1.5), 
o=  45',  and  a  curvature  radius  of  ±  40  hole  diameters.  With  low  blowing  (on  the  left  of 
Fig.  18),  a  veak  separation  effect  on  the  convex  wall  is  indicated  at  a  position  40  dia¬ 
meters  downstream  of  tne  injection,  whereas  this  separation  starts  at  x/d =  15  with  the 
higher  blowing  rate  (on  the  right  of  Fig.  17).  This  can  also  be  inferred  from  the  temper¬ 
ature  distribution  in  fig.  17. 

The  effect  of  different  hole  spacing  on  curved  walls  is  shown  in  Fig.  19,  where  the 
laterally  averaged  effectiveness  is  plotted  versus  the  curvature  in  terms  of  1/R  at  the 
far-downstream  position  x/d  =  40. 

There  i'j  no  difference  between  concave  and  flat  walls  for  small  spacing  (on  the  left 
side  of  fig.  19).  The  effectiveness  increases  only  with  weak  convex  curvature  and  small 
blowing  rate,  whereas  the  flow  begins  to  separate  on  the  same  wall  with  high  blowing 
rate. 

For  the  blowing  configuration  with  large  hole  spacing,  a  slight  Increase  in  effectiveness 
was  found  for  weak  convex  versus  weak  concave  curvature,  but  in  contrast  to  small  spacing, 
the  effectiveness  slightly  Increases  at  strong  concave  curvature  due  to  the  poorer  mixing 
and  the  tendency  of  the  single  jets  with  large  spacing  to  reattach  far  downstream  on  the 
concave  wall. 

CONCIiUSlOM 

1.  Filmcooling  effectiveness  and  heat  transfer  coefficient  following  Injection  through 
a  single  row  of  holes  are  strongly  affected  by  hole  spacing.  The  measurements  show  a 
linear  increase  in  filmcooling  heat  transfer  coefficient  with  increasing  coolant  mass 
flux;  the  film  cooling  effectiveness  significantly  increases  with  s/d  from  2.5  to  1.5  as 

a  consequence  of  interaction  of  the  jets.  The  lateral  effectiveness  with  constant  injection 
angle  Is  correlated  by  a  dimensionless  parameter  containing  blowing  rate,  streamwise 
distance  and  h}le  spacing. 

2.  Shal’-w  injection  angles  yield  higher  lateral  effectiveness  and  heat  transfer 
coefficient  than  large  angle. 

3.  Favourable  pressure  gradiont  slightly  decreases  effectiveness  while,  adverse  pressure 
gradient  slightly  Increases  effectiveness  with  small  blowing  rate.  Except  thlclcenlng  of 
the  boundary  layer  no  influence  on  the  wall  v/as  found  with  high  blowing  rates. 

The  effect  of  pressure  gradient  on  filmcooling  heat  transfer  coefficient  Is  weak. 
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4.  Film  cooling  effectiveness  increases  with  Increasing  curvature  (-1/R  to  +1/R) 
especially  for  small  blowing  rates  until  the  coolant  film  seperates  far  downstream  on 
a  strongly  convex  wall. 
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^  Constant  temperature  contours  along  and  perpendicular  to  the 
centerline  for  large  hole  spacing 


t'iq.  5;  Constant  temperature  contours  along  and  perpendicular  to  the 
Centerline  for  small  hole  spacing 


Fig,  6 ;  Mixing  of  coolant  jets  from  single  holes  and  a  row  of  holes 


f iq .  16;  Film  cooling  hoat  transfer 
ooefficiont  at  concave, 
flat  and  convex  walls 


Fig.  17 :  Constant  temperature  contour 
along  the  centerline  of  a  jet 
on  a  convex  surface 


Fig.  18:  Streamwise  distribution  of  film-cooling  effectiveness  on 
”  concave,  flat  and  convex  walls 


Fig.  19:  Hffcct  of  curvature  on  laterally  averaged  effectiveness 
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DISCUSSION 


G.E.  Andrews,  UK 

riicrc  is  little  ini'orinatioii  hviiiliihlc  that  allows  the  hole  pitch  and  diameter  to  he  optimised  and  your  paper  is  a  welcome 
eoinrihiitioii  in  this  area.  Your  iitvcstigiilions  have  varied  the  pitch  at  a  constant  hole  size,  thus  for  the  same  hole 
hlowing  rate  there  must  lie  a  dilfereiicc  in  total  coolant  flow  as  the  pitch  is  increased  due  to  the  reduced  number  of 
holes.  I'hus  the  influence  of  s/d  in  Figs.7  and  K  is  pessimistic  and  sliotild  have  Iteen  carried  out  at  constant  toltd  hole 
area  i.e.  a  different  value  of  d  foi  each  s/d. 

In  our  work  at  Leeds  on  full  coverage  discrete  hole  film  crmling  systems  wc  have  varied  s/d  from  1 2  to  2  at  eoiistaiit 
pitch,  by  iitcreasing  the  hole  size.  I'here  was  a  very  strong  improvenicnf  in  the  overall  cooling  effectiveness  with 
increased  hole  size  due  to  the  much  lower  blowing  rates  for  a  Fixed  crwlanl  flow. 

Author's  Reply 

It's  right,  we  don't  vary  the  hole  diameter  (d  2  aim)  and  thus  conslani  hlowing  rate  yields  decreasing  total  coolant  flow 
with  increasing  pitch  to  diameter  ratios/d.  In  Fig. 1 1  the  results  arc  related  to  the  total  cooUmt  flow  and  we,  loo,  found 
ait  iinprovcnicnl  in  niiit  ctxiliiig  effectiveness  with  decreasing  s/d  like  in  your  tests,  where  llie  s/d  is  changed  by  varying 
the  hole  size. 


D.Mctzgcr,  US 

It  would  be  lielpfiil  to  know  the  value  of  accelcruiion  parainelcr,  K,  fur  the  te.st  condhion  reported. 

Ill  this  connection,  it  should  Ire  noted  thtil  the  author’s  tests  are  conducted  with  a  hotmditry  layer  trip.  On  an  airfoil 
surfiice  with  iiaiiirally  oceuring  iriiiisltlon  delayed  by  the  presence  of  strong  favorable  pressure  gradient,  him  injection 
ntiiv  bavc  t|uile  different  effects  on  surface  licat  transfer  ibar,  those  ob.scrved  in  the  present  tests. 

Aullior's  Reply 

b'roin  x/d  =  (I  (injcclioii  to  x/d  =  20  the  acceleration  paranielcr 
ii„  du„ 


'  changes  from  about  I  X  H)'‘’|<)2X  10  and  front  — O-s  x  Itr'' io“0.6  X  10"  resi'cclivcly. 
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EFFECTS  OF  SURFACE  ROUGHNESS  ON  HEAT  TRANSFER 
TO  GAS  TURBINE  BLADES 


y  I 


A.B.  Turner,  F.H.A.  Tarada  and  P.J.  Bayley, 
University  of  Sussex, 

Falmer,  Brighton,  O.K. 


SUMMARY 

This  paper  presents  a  brief,  preliminary  sample  of  results  of  an  investigation  into 
the  effect  of  surface  roughness  on  heat  transfer  to  gas  turbine  blades.  Only  the  kind  of 
roughness  due  to  the  accretion  of  dirt  or  dust  is  considered  and  this  has  been  simulated 
in  cascade  flow  by  att  thing  various  grades  of  abrasive  powders  to  the  blade  surface  vjith 
a  water  soluble  adhesive. 

A  significant  increase  in  heat  transfer  is  reported  particularly  with  high  free 
stream  turbulence  levels.  Roughness  on  the  pressure  surface  alone  Is  shown  to  increase 
the  overall  heat  transfer  without  any  corresponding  increase  in  profile  loss. 

INTRODUCTION 


It  has  been  known  for  many  years  that,  ?n  general, surf ace  roughness  adversely  affects 
the  profile  loss  of  gas  turbine  nozzle  guide  vanes  and  rotor  blades  (i),  and  although 
much  work  has  been  done  on  the  consequent  performance  deterioration  of  turbomachines  (2) , 
very  little  has  been  reported  on  the  associated  effect  on  heat  transfer.  Comitierclal  jet 
engines  are  estimated  to  lose  a  minimum  of  two  per  cent  S.F.C.  due  to  general  service 
erosion  ar.C  the  operating  life  of  vanes  and  blades  in  sandy  areas  is  known  to  be  as  short 
as  one  third  of  the  average,  with  some  helicopter  engines  lasting  only  50  -  250  hours  (2) . 
Industrial  gas  turbines  operating  in  desert  or  coastal  areas  suffer  from  accretion  due  to 
very  fine,  'face  powder  like'  dusts  which  pass  through  the  filters  and  fuse  on  the 
surfaces  as  a  glassy  deposit.  Many  failures  of  hxgh  temperature  industrial  engines  have 
been  attributed  to  such  effects  (2) . 

There  are  two  types  of  roughness  which  are  of  Importance  to  turbine  blade  de.slgners 
and  industrial  engine  operators.  The  first  is  machined,  or  intrinsic,  roughness  which 
arises  from  the  nature  of  the  manufacturing  process  or  from  the  service  erosion  and  pit¬ 
ting  due  to  sand  or  carbon  particles.  Since  it  is  known  that  significant  improvements  in 
S.F.C.  are  obtained  if  turbine  vanes  and  blades  are  polished, manufacturers  are  interested 
in  determining  how  much  polishing  Is  worthwhile.  The  second  kind  of  roughness,  and  tne 
kind  which  is  the  subject  of  this  paper,  is  that  which  arises  from  the  deposition  of  dirt, 
dust,  sand,  rust  or  carbon (accreted  roughness).  This  can  cause  blockage  of  film  cooling 
holes,  severe  disturbance  of  the  external  flow  and  the  failure  of  components  In  service 
duo  to  overheating. 

Problems  due  to  the  accretion  of  dirt  on  blades  are  becoming  more  coiranon  especially 
since  the  introduction  of  Industrl;!  gas  turbines  operating  w.th  turbine  inlet  temper¬ 
atures  over  1300  K  with  cooled  vanes  and  blades  -  the  combination  of  the  two  exacerbates 
the  problem.  There  Is  also  Increasing  Interest  in  the  use  of  pulverized  coal  as  a  fuel 
in  gas  turbines  and  one  of  the  major  problems  facing  this  development  is  the  resulting 
erosion  and  the  accretion  due  to  fly  ash.  The  two  types  of  roughness  can  be  similar  in 
that  severe  erosion  damage  may  result  in  surface  roughness  levels  at  the  leading  and 
truilling  edges  approachilig  the  levels  tested  in  the  present  investigation. 

When  profile  loss  alone  Is  considered  the  pressure  surface  is  of  little  Importance 
since  almost  all  the  loss  arises  from  the  suction  surface  flow,  but  when  heat  transfer 
is  considered  it  Is  the  pressure  surface  which  is  most  likely  to  suffer  erosion  damage 
and  dirt  and  dust  accretion  (2)  , 

The  level  of  "admissible"  roughness  In  engineering  Is  generally  taken  to  be  that 
maximum  height  of  Individual  roughness  elements  which  causes  no  increase  in  drag,  and 
for  high  pressure  steam  turbine  blades  this  is  reported  (1)  to  be  extremely  small 
(<0.2  urn  or  8  VI inch )  .  However,  the  value  of  admissible  roughness  for  blades  depends  or. 
whether  the  flow  is  laminar  or  turbulent.  Increasing  surface  roughness  would  be  expected 
to  move  the  point  of  transition  upstream  and  the  effect  of  roughness  on  transition  was 
studied  by  Feindt  (1)  although  at  nothing  like  the  conditions  experienced  by  modern 
turbine  blades.  The  combined  effect  on  transition  of  surface  roughness,  strong  favour¬ 
able  flov'/  acceleration  and  high  mainstream  turbulence  Is  still  very  much  unknown. 

The  most  comprehensive  experimental  work  on  the  effect  of  surface  roughness  on 
turbulent  boundary  layers  Is  that  by  Stanford  University,  e.g.  Coleman,  MoffaL  and 
Kays  (3).  However,  the  maximum  velocity  gradient  parameter  ( (v/u* )  .  (du/dx)  ,  where  v  is 
the  kinematic  viscosity  and  U  la  the  freeatream  velocity)  investigated  was 
approximately  two  orders  of  magnitude  below  tl>c  relaroinarlzatlon  levels  experienced  on 
turbine  blades. 

For  turbulent  boundary  layers  tlie  wall  is  usually  considered  to  be  hydraulically 
smooth  if  the  roughness  elements  arc  contained  within  the  laminar  sublayer  and  for  flat 
plates  a  simple  roughness  Reynolds  number  relationship  based  on  the  admissible  roughness 
height,  ka(]in,  has  beer,  shown  to  be  valid  by  several  cascade  profile  loss  experiments 
(1,4).  The  limiting  value  of  this  roughness  Reynolds  number  has  been  found  to  be  100 
which  gives  kajin,  4  100  v/u,  where  v  is  the  Icinematlc  viscosity,  and  U  is  the  free  stream 
velocity.  For  50  mm  chord  blades  this  predicts  kadm  as  5  iim  for  an  exit  Reynolds  number 
of  10*  (and  0.5  vvm  for  lo')  .  These  roughness  heights  apply  only  at  the  trailing  edge  and 
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the  upstream  values,  because  of  the  thinner  boundary  layers,  would  be  much  smaller. 
Althougn  the  flow  over  gas  turbine  blades  Is  very  different  from  flat  plate  flow.  It 
should  be  remembered  that  the  overall  heat  transfer  in  engines  is  not  very  different  from 
the  turbulent  fiat  plate  level  (5,6). 

Manufactured  surface  roughness  of  vanes  and  blades  is  generally  of  the  order  of 
1.25  -  2.r  um,  before  any  finishing  process  and  any  accretion  of  dirt  and  sand  would 
nroduoe  vilues  wela  in  excess  of  this  tegether  with  a  very  uneven  distribution  over  the 
profile . 

THE  EXPERIMENTAL  METHOD 


The  blade  section  used  is  a  derivative  of  the  Rolls  Royce  Olympus  59 3n  HP  turbine 
rotor  blade  and  is  the  blade  profile  used  by  Dayley  and  Prlddy  (5) .  The  profile  and 
cascade  arrangement  is  shown  in  figure  1 .  The  turbulence  grid  of  3  mm  bar  jize  was 
mounted  90  mm  upstream  of  the  leading  .-.i  ie  and  the  turbulence  intensity  is  approximately 
7%  for  that  location. 

The  'thin  shell'  method  was  used  to  determine  the  local  heat  flux.  The  centre  instru¬ 
mented  blade  was  made  from  a  steel/epoxy  resin  mix  in  the  form  of  a  thin  shell  1.5  mm 
thick  with  fine  thermocouples  embedded  in  the  inner  and  outer  surfaces.  Fourier's  one 
dimensional  heat  conduction  equation  was  used  together  with  linear  interpolation  to 
determine  the  heat  flux  through  the  air  cooled  shell.  The  originally  smooth  outer 
surface  was  therefore  perturbed  by  thermocouple  grooves  which  created  regular  disturbances 
of  approximately  5  nm. 

The  blade  was  operated  at  an  average  temperature  of  approximately  6ooc  with  the 
mainstream  flow  at  90°C.  The  maximum  exit  Mach  number  was  0.8  which,  with  blades  of 
6  4  nun  chord,  gave  a  maximum  exit  Reynolds  number  of  1.2  x  10‘ .  The  surface  static  press¬ 
ure  and  Mach  number  distribution  is  shown  in  figure  2  for  this  maximum  flow  condition. 

Our  attention  to  date  has  been  confined  to  accreted  roughness,  that  which  adheres  to 
the  surface  during  service,  and  to  simulate  this,  abrasive  powders  of  aluminium  oxide  and 
silicon  carbide  (7)  were  adhered  to  the  surface  in  a  uniformly  distributed  manner  with  a 
water  soluble  adhesive.  The  roughness  grades  referred  to  in  the  tests!  1,3,4  and  9, 
correspond  to  micron  sized  powders  of  54,  76,  lo5  and  250  Mm,  respectively,  with  grade  4 
beirg  the  only  silicon  carbide  powder  used.  One  of  the  tests,  roughness  41,  was  conducted 
with  powder  4  on  the  pressure  surface  only,  ic  should  be  noted  that  the  finest  of  these 
powdars,  No.l  at  54  urn  is  about  two  orders  of  magnitude  larger  than  the  roughness  of  a 
polished  turbine  blade. 

The  profile  loss  was  determined  by  pitot  txibe  exit  traverse  and  the  loss  coefficient 
used  is  the  ratio  of  the  average  total  head  loss  to  the  average  exit  dynamic  head. 

DISCUSSION  OF  RESULTS 


Although  the  effect  of  roughness  on  the  aerodynamic  efficiency  was  not  the  primary 
objective  of  this  study,  the  profile  loss  was  measured,  figure  3,  and  in  general  was 
found  to  increase  with  increasing  surface  roughness.  One  unexpected  result  was  that 
with  roughness  stuck  only  on  the  pressure  surface,  the  aerodynamic  loss  was  found  to  be 
slightly  lower  than  the  basic  smooth  profile  (see  also  figure  11) , 

Figure  4  shows  that  accumulated  roughness  has  a  substantial  effect  on  the  overall, 
mean  heat  transfer  coefficient,  particularly  at  high  free  stream  turbulence.  With  low 
turbulence  levels,  for  the  roughness  levels  used,  a  general  overall  Increase  of  about 
5o%  was  produced  but  with  74  turbulence  intensity  the  mean  heat  transfer  was  approximately 
doubled.  This  inenase,  however,  is  by  no  n«ans  uniformly  distributed  over  the  surface. 

The  basic  heat  transfer  coefficient  distribution  for  the  smooth  blade  with  low 
turbulence  is  Illustrated  In  figure  5.  The  pressure  surface  shows  a  fairly  uniform  in¬ 
crease  over  the  whole  length  with  increasing  exit  velocity  consistent  with  transitional 
flow.  The  suction  surface  shows  a  clear  transition  from  the  initial  laminar  state  and 
this  transition  location  mo’-es  downstream  with  increasing  exit  velocity.  At  the  highest 
Mach  number,  0.77,  the  transition  coincides  with  the  point  at  which  the  surface  velocity 
falls  below  Mach  1  (see  figure  2)  and  is  thus  probably  Induced  by  a  shock  wave, which,  as 
the  exit  velocity  is  reduced,  would  move  upstream  due  to  the  shift  in  the  Mach  nuirter 
profile.  This  position  of  80%  on  the  suction  surface  is  well  downstream  of  the  throat 
position  at  55%  chord. 

Figure  6  illustrates,  for  the  pressure  surface,  the  now  familiar  effect  of  increasing 
turbulence  Intensity  on  heat  transfer  in  a  stror.g  favo'  .rble  pressure  gradient  (5,8,9). 
General  transitional  behaviour  is  evident  since  the  velocity  gradient  parameter 
( (v/0*)  .  (dU/dx) )  is  almost  always  above  the  critical  value  of  2  x  lo"'' .  The  suction 
surface,  liowever,  .still  indicates  a  transition  at  about  30%  chord  with  the  resulting 
turbulent  boundary  layer  now  moving  unaffected  through  the  probcible  sliock  at  about  75% 
chord. 


Figui  -  7  and  9  show  tlie  effect  on  the  local  heat  transfer  coefficient  of  the  four 
grades  of  toughness  tested.  Results  are  given  for  two  exit  Mach  numbers,  both  with  low 
levels  of  free  stream  turbulence  (<  0.5%).  The  genera)  result  is  that  the  pressure 
surface  heat  transfer  is  approximately  doubled  and  that  there  is  now  no  clear  transition 
on  the  suction  surface.  An  interesting  comparison  between  figures  7  and  8  is  that  the 
mean  level  on  the  suction  surface  again  actually  decreases  with  increasing  Mach  number. 


probably  due  to  the  raoveinent  of  the  transition  point  within  the  first  20%  of  the  surface. 

With  7%  free  stream  turbulence,  figure  9,  the  rough  blade  heat  transfer  coefficients 
on  the  suction  surface  actually  fall  below  the  smooth  blade  levels  at  about  70%  chord, 
again  probably  due  to  the  upstream  movement  of  transition.  This  strange  "cross  over"  on 
the  suction  surface  was  also  observed,  figure  lO,  when  the  rough  blade  was  tested  with 
and  without  the  turbulence  grid.  The  leading  edge  heat  transfer  values  are  very  much 
higher  with  the  combination  of  a  rough  blade  and  appreciable  mainstream  turbulence,  show¬ 
ing  that  the  values  of  admissible  surface  roughness  In  this  region  appear  to  be  very 
dependent  upon  the  turbulence  Intensity. 

In  figure  lx  a  comparison  is  made  between  the  smooth  blade,  the  rough  blade  and  the 
blade  with  roughness  adlierlng  to  the  pressure  surface  only  (rouglmess  41)  ,  When  this 
roughness  was  attached  to  the  profile,  care  was  ta)cen  to  ensure  a  clean  dividing  line  at 
the  geometric  leading  edge.  However,  it  Is  clear  that  tie  boundary  layer  development  on 
the  suction  surface  was  also  affected;  probably  due  to  the  stagnation  point  being  further 
round  on  the  pressure  surface  from  the  geometric  leading  edge."  The  clear  transition  point 
was  removed  on  the  suction  surface  and  the  overall  heat  transfe.'  much  increased  on  this 
side.  The  profile  loss  coefficient  for  this  condition  (roughness  41  on  figure  3),  shows 
that  the  accretion  of  roughness  on  a  blade  may  not  advevsely  affect  turbine  efficiency, 
but  could  cause  an  appreciable  Increase  in  mean  blade  temperature  and  thus  the  lllcellhood 
of  failure, 

CONCLUSIONS 


It  has  been  shown  that  Increasing  surface  roughness  Increases  the  overall  mean  level 
of  heat  transfer  particularly  in  the  presence  of  high  free  stream  tvrbulence.  The  lead¬ 
ing  edge  values  have  been  shown  to  Increase  by  as  much  as  a  factor  of  three  and  any 
laminar-turbulent  transition  on  the  auction  surface  moved  viry  close  to  the  leading  edge. 

The  effect  on  the  pressure  surface  was  found  to  be  akin  to  that  of  free  stream  turb¬ 
ulence  in  that  a  fairly  uniform  increase  over  the  whole  surface  was  produced.  Roughness 
at  the  leading  edge  of  the  suction  surface  was  found  to  ^xomote  early  transition  followed 
by  a  fairly  uniform  level  of  heat  transfer  over  the  remainder  of  the  blade  undisturbed 
by  the  existence  of  shock  waves. 

It  is  knovjD  that  the  auction  surfaces  of  blades  do  not  deteriorate  significantly  In 
service  and  the  test  simulating  this,  with  roughness  on  the  pressure  surface  only,  pro" 
duced  an  increased  level  of  heat  transfer  on  both  surfaces  with,  if  anything,  a  slight 
reduction  in  profile  loss.  This  indicates  that  in  service  an  Increase  in  blade  heat 
transfer  can  be  produced  by  particulate  flows  without  any  reduction  necessarily  occurring 
in  turbine  efficiency.'  This  anomalous  behaviour,  of  Inctuaslng  roughness  producing  a 
lower  profile  loss,  has  been  obser^red  in  turbine  practice  but  only  for  surface  roughnesses 
an  order  of  magnitude  lower  than  those  considered  in  the  present  work. 

In  their  recent  paper  Elovlc  and  Koffel  (6)  list  a  number  of  parameters  which  affect 
turbine  airfoil  heat  transfer  and  point  out  that  systematic  investigations  addressing 
their  coi^ined  effects  are  grossly  lacking.  Although  a  recent  work  (10)  has  made  a 
substantial  contribution  to  this,  there  is  much  experimental  work  still  to  be  done  to 
provide  a  more  realistic  data  base  for  turbine  prediction  p.rocedures  and  in  this  respect 
these  preliminary  results  indicate  that  the  effects  of  free  stream  turbulence  and  surface 
roughness  due  to  the  accretion  of  dirt  are  additive  and  may  be  of  the  same  relative 
importance. 
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Fig.  3  Profile  loss  coefficients  for  smooth  blade  (0)  and  for  various  grades  of  roughness  1 1,3, 4  and  9) 


Fig. 4  Effect  of  roughness  and  free  stream  turbulence  (7%) on  overall, mean  heat  transfer  coefficient. 
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Fig, 5  Effect  of  Increasing  exit  Mach  number  on  local 

heat  transfer  coefficient.  Smooth  blade  (0) ,  no 
turbulence  grid. 
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Fig.  6  Effect  of  turbulence  grid  (7%)  on  local  heat 
transfer  coefficient.  Smooth  blade  (0) 


Fig.  7  Etlect  of  different  levels  of  roughness  on  heat 

transfer  coefficient.  No  turbulence  grid,  M  =  0.55. 
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Fig.  8  Effect  of  different  levels  of  roughness  on  heat 

transfer  coefficient.  No  turbulence  grid,  M  =  0,78. 
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Fig.  9  Effect  of  tuibulence  grid  (7%)  on  snooth  and  rough  (No. 4) 
blade  heat  transfer  coefficients 
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Fig.  10  Effect  of  turbulence  grid  (7%)  on  rough  (No .4)  blade 
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Fig, 11  Effect  of  roughness  (No.4>  on  pressure  surface  only. 
No  turbulence  grid,  M  =  0.78, 
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In  the  oral  presentation  pictures  were  shown  of  both  a  new  and  a  service  expired  blade  from  an  Olympus  5113;  the  paper 
would  be  enhanced  by  the  inclusion  of  these  pictures.  It  seems  that  this  particular  blade  is  an  odd  choice,  as  it  operates 
in  an  environment  which  is  very  clean.  This  blade  also  o|>ct&tcs  continuously  at  very  high  temperature  because  of  the 
Concorde  flight  regime.  Were  any  other  blades  examined?  It  would  seem  likely  that  blades  from  mariirc  engines  such  as 
tile  Tyne  would  be  more  exposed  to  conditions  increasing  the  blade  roughness  significantly. 

Author’s  Kcply 

The  rough  and  pitted  Olympus  S93  blade  was  shown  to  indicate  that  erosion  levels  even  in  clean  operation  can  reach 
the  levels  of  accreted  roughness  tested.  1  include  below  two  photographs  of  the  surface  of  a  "lime  served"  aero  engine 
blade,  each  about  one  inch  square  of  surface.  The  leading  edge  of  the  suction  surface  at  mid  span  has  a  rouglincss  of 
.S(l—  lOOum  and  the  trailing  edge  of  the  pressure  .surface  10—  I5(im. 

Ulades  other  than  tlie  Olympus  S93  have  been  examined  but  >''e  do  not  have  enough  data  to  form  any  firm  conclusions 
as  to  how  service  operation  in  different  areas  on  on  different  fuels  affects  erosion  or  the  accretion  of  dirt.  There  seems 
to  he  little  interaction  Ireiwcen  the  maintenance  departments  and  the  blade  cooling  designers  in  most  companies  and  we 
are  finding  it  difficult  to  obtain  sufficient  data.  Wc  at  Sussex  would  be  grateful  for  samples  of  hardware,  nozzle  guide 
vanes  or  rotor  blades,  that  have  seen  service  to  enable  a  picture  to  be  built  up  of  how  roughness  progre.sscs  in  the 
different  applications. 

Prom  our  initial  results  it  appear.s  that  a  new  engine  with  smooth,  highly  polished  blades  may  have  very  different 
boundary  layer  flows  to  one  which  has  served  a  thousand  hours  or  so  in  a  sanuy  or  marine  environment  —  even  with 
fillers.  It  would  be  to  the  advantage  of  all  engine  builders  if  the  sparse  and  scattered  data  on  service  roughness  were  to 
be  collected  and  its  effects  on  heat  transfer  —  and  thus  blade  life  —  estimated. 
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SUHHARX 


The  paper  illustrates  the  effect  of  varying  the  ratio  of  coolant-to-f reestream  den¬ 
sity  an  the  f iltn-coollng  process.  This  effect  is  of  great  Importance  since  most  design 
data  has  been  acquired  at  temperature  ratios  and  hence  density  ratios  far  removed  from 
those  occurring  in  modern  gas  turbines.  There  is  no  consensus  at  pras' nt  on  how  to  scale 
this  data  to  cngine^siQnditions.  Experimental  data  is  presented  for  heat  transfer  down¬ 
stream  from  a  single  row  of  30  degree-inclined  film-cooling  holes,  obtained  for  air  at  a 
wide  range  of  gas-to-coolant  temperature  ratios.  These  results  exhibit  a  marked  effect, 
of  density  ratio.  Scaling  is  discussed,  and  good  collapse  of  data  is  achieved  in  the  two 
regimes  identified,  characterised  by  weak  and  strong  blowing.  Conditions  representative 
of  the  turbine  environment  are  created  using  an  Isentropic  Light  Piston  Tunnel:  the  Mach 
Number  M  =  0.55,  and  the  unit  Reynolds  Number  Re/m  =  2.7  x  10"/m.  The  experiments  are 
unique  in  that  they  simulate  the  gas-to-coolant  and  gas-to-wall  temperature  ratios  typical 
of  those  in  gas  turbin.^.-. ,  producing  density  ratios  hitherto  only  attained  in  experiments 
employing  foreign  gas  injection. 

NOMENCLATURE 

a  Speed  of  sound,  m/s 


Specific  heat  at  constant  pressure,  J/kgK 

d 

Hole  diameter,  ro 

h 

Heat  transfer  coefficient,  W/m*K 

k 

Thermal  conductivity,  W/mK 

P 

Pressure,  Pa 

<3 

Heat  transfer  rate,  W/ro^ 

T 

Temperature,  K 

u 

Velocity,  m/s 

XiY 

,Z 

Cartesian  co-ordinates  measured  from  hole  centres,  ra 

p 

Dynamic  viscosity,  kg/ms 

p 

Density,  kg/m’ 

Subscripts 

cp 

Incompressible,  constant  properties 

i 

Injection 

o 

Without  injection 

Total  conditions 

w 

Wall 

00 

Freestream 

Non 

-dimensional 

Numbers 

G 

=  0  ,  U  .  /p  u 
«■  » 

Blowing  Rate 

J 

=  1)  .  u  .  ^/p  u  ’ 

i  i  to  CO 

Momentum  Flux  Ratio 

M 

Mach  Number 

Nu 

-  qx/k^^l’r_^ 

-  T  )  Nusselt  Number 
w 

Re 

Reynolds  Number 

Ul-2 


INTUODUCTIOW 


Film-cooling  is  one  oi  the  methods  employed  in  gas  turbines  to  ensure  that  the  metal 
temperature  is  lower  than  that  of  the  hot  combusted  mainstream  gas.  This  is  achieved  by 
injecting  a  cooler  secondary  gas  through  discrete  holes  on  the  blade  surface,  so  that 
downstream  of  the  injection  location,  this  fluid  acts  as  an  insulating  layer  and  a  heat 
sink.  An  increase  in  turbine  entry  temperature  improves  the  thermodynamic  efficiency, 
whilst  lowering  the  surface  temperature  can  dramatically  Increase  component  life. 

The  technique  has  been  the  subject  of  research  for  over  thirty  years  and  Goldstein's 
review[1i  provides  a  summary  of  the  main  developments.  Much  of  the  early  work,  for 
example,  Goldstein,  Eckert  and  Rarasey[2)  and  Liess(3| ,  used  a  slightly  heated  secondary 
fluid  so  that  the  in jection-to-f reestream  density  ratio  was  close  to  unity.  The  question 
remained  as  to  how  to  utilise  this  data  in  a  gas  turbine  environment  where  this  density 
ratio  is  about  1.1.  Goldstein,  Eckert  and  nurggrafl4)  simulate  the  effect  of  density 
ratio,  which  results  from  the  in jectlon-to-freestream  temperature  ratio,  by  using  Freon 
vapour  as  an  injection  fluid.  Other  experimenters,  for  example  Burns  and  Stollery(5), 

Pal  and  Mhitelaw|61  and  Pedersen  et  al.t?],  also  employ  foreign  gas  injection  but  measure 
its  mass  fraction  at  an  impermeable  wall  downstream.  A  mass  transfer  analogy  is  then  in¬ 
voked  to  infer  heat  transfer  information.  The  results  from  these  techniques  indicate 
that  there  should  be  a  significant  effect  of  In jection-to-f reestream  temperature  ratio. 

In  addition  to  simulating  representative  in jectlor.-to-f reestream  density  ratios,  it 
is  also  important  to  ensure  that  the  relevant  surface  temperature  boundary  condition  is 
preserved.  A  film-cooled  gas  turbine  blade  is  more  closely  approximated  by  an  isothermal 
rather  than  an  adiabatic  surface..  In  the  steady  state  experiments  12)  to  PI,  adiabatic 
wall  information  was  obtained;  the  present  study,  using  a  transient  test  facility, 
employs  an  isothermal  surface. 

In  summary,  the  results  presented  reflect  a  desire  to  perform  experiments  which  are 
directly  applicable  to  the  gas  turbine  environment.  This  is  achieved  in  two  ways: 

(i)  by  ensuring  that  representative  in jection-to-f reestream  temperature  ratios  are 
used.  This  implies  that  rot  only  will  the  density  ratio  be  correct  but  also  ensures  that 
the  teraperature-iiuUi',*'l  property  variations  resulting  from  the  difference  in  wall,  injec¬ 
tion  and  freestroam  '.siopetatures  will  be  present.  In  fact,  two  effects  can  be  isolated: 
the  in jection-to-£reestraara  temperature  (or  density)  ratio  effect,  and  the  effect  of 
transport  property  variations  through  the  injection  layer; 

(ii)  by  preserving  an  isothermal  surface  boundary  condition. 

It  should  be  noted  that  the  present  testing  allows  for  the  independent  variation  of 
in jection-to-f reestream  velocity  and  density  ratios.  This  is  essential  in  order  to  deter- 
;(ilne  the  scaling  parameters  which  govern  film-cooling,  a  subject  about  which  there  is 
still  considerable  debate.  It  is  of  great  interest  since  correct  scaling  should  reveal 
information  about  the  fundamental  mechanisms  of  the  process;  in  addition,  it  will  allow 
data  obtained  at  unrepresentative  conditions  to  be  used  with  accuracy  in  engine  design. 
Injection  and  fceestreara  pressures  are  also  measured,  since  these  quantities  are  known  by 
the  designer  and  any  scaling  which  can  be  achieved  using  these  will  be  independent  of  any 
assumption  made  about  the  manner  in  which  the  injected  gas  emerges. 

DEFINITION  OF  HEAT  TRANSFER  COEFFICIENT  -  THE  SUTERPOSITIOM  MODEL 


In  this  approach,  following  Metzger  et  al.[8),  the  wall  temperature  l.s  referenced  to  the 
freestream  temperature,  so  that  the  effect  of  injection  can  be  contained  wholly  within  a 
heat  transfer  coefficient: 


qlx)  =  h(x)  -  Tj.^) 


This  description  relies  on  the  constant  properties,  incompressible  flow  form  of  the  boun¬ 
dary  layer  energy  equation,  which  is  linear  and  homogeneous  }.n  temperature.  Thus,  super¬ 
position  can  be  applied,  and  a  sum  of  solutions  with  different  sets  of  boundary  conditions 
will  also  be  a  solution  for  the  boundary  condition  which  is  the  sum  of  those  sets.  As 
described  by  Loftus  and  Jones [91  ,  a  temperature  field  in  the  presence  of  film-cooling  may 
therefore  be  represented  as 


T(x,y,u)  =  T,(x,y,z)r  '  V  ]  «  X2<x.y.Z)[  T^,  -  T„  ] 

Ti  is  the  field  for  a  unit  temperature  difference  between  wall  and  freestream,  with  the 
coolant  at  the  wall  te;nperature ,  and  T2  is  the  field  for  a  unit  temperature  difference 
between  coolant  and  wall,  with  the  wall  at  the  freestream  temperature.  Differentiating 
with  respect  to  y,  setting  y  =  0  and  spanwise  averaging  gives 


q(x)  =  -  T^„  ^  r  ^  -  T^  ] 


whe?:e  the  suffices  refer  to  tlie  conditions  above.  Dlvldinq  this  by  the  heat  transfer 
rate  without  injection. 
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This  may  be  rearranged  in  terms  of  the  non-dimensional  temperature  parameter  theta  to 
give 


(x)  =  A(x)  t  B(x) 0 

At  a  given  Reynolds  Number,  if  there  is  no  effect  of  gas-to-wall  temperature  ratio,  this 
may  be  written  in  terms  of  the  Nusselt  Number  as 


(xl  =  A(x)  »  B(x)  0 
o 

Alx)  and  I3(x)  are  dependent  on  the  freestream  and  injection  conditions,  and  v;ill  be  con¬ 
stants  for  a  given  geometry  and  flowfield.  liach  has  a  concise  physical  interpretation: 
wlien  the  coolant  is  at  the  freestream  temperature,  theta  is  zero  and  A  quantifies  the 
change  in  heat  transfer  produced  by  the  mixing  of  the  two  flows.  B  quantifies  the  change 
in  heat  transfer  produced  by  the  injection  temperature  being  different  from  the  mainstream 
temperature.  The  quotient  -U/A  is  the  local  adiabatic  wall  effectiveness  occurring  when 
the  wall  temperature  is  isothermal  at  the  local  adiabatic  wall  temperature. 


Thus  the  superposition  model  predicts  that  for  a  given  flowfield,  the  Nusselt  Number 
is  linearly  de[>endent  on  theta.  In  order  to  keep  the  flowfield  constant,  the  freestream 
and  injection  temperature  must  be  held  constant,  so  that  the  only  satisfactory  way  in 
which  to  vary  theta  is  to  alter  the  wail  temperature.  The  parameters  A  and  B  are  the 
Intercept  and  slope  respectively  of  the  Nusselt  Number  versus  theta  plots,  non- 
dimensionalised  by  the  unblown  level  of  Nusselt  Number  at  that  position.  It  is  the  pur¬ 
pose  of  this  investigation  to  show  how  these  parameters  A  and  B,  (or  linear  combinations 
corresponding  to  given  values  of  theta)  scale  with  injection  rate. 


KXPERIHEHTAb  FACILITY 

Results  wore  obtained  using  an  Isentropic  Light  Piston  Tunnel,  a  comprehensive  des¬ 
cription  of  which  can  bo  found  in  (9)  and  (101.  It  is  a  transient  facility  in  which  test 
gas  is  compressed  in  a  tube  by  an  air-driven  piston  before  flowing  through  the  working 
section  at  constant  tempeiature  and  pressure.  Schematics  of  the  tunnel  and  working  sec¬ 
tion  are  shown  in  Fig.s.  1  and  2. 

The  unit  Reynolds  Humber  was  2.7  x  lO'/m,  and  the  llacb  Number  was  0.55,  fixed  by  a 
downstream  throat.  Testing  v:as  carried  out  at  four  in jecti..>n-to-f reestream  total  tem¬ 
perature  ratios,  as  shown  in  Table  1.  It  -was  possible  to  pre-cool  either  the  test  gas  or 
the  injection  gas  using  a  liquid  nitrogen  heat  exchanger,  and  to  heat  the  injection  gas 
using  electrical  heaters,  similarly,  the  flat  plate  could  be  pre-heated  or  prc-ccoled  by 
forced  convection  over  a  range  280  <  T'w  <  365  K.  The  upstream  boundary  layer  was  fully 
turbulent.  The  injection  geometry  was  a  single  row  of  30  degree- inclined  liolos,  with  a 
pitch-fco-dlaiueter  ratio  of  2.5.  Data  was  collected  at  nine  downstream  locations  over  the 
range  2  <  x/d  <  98. 


Wall  temperatures  and  spanwiso-averaged  heat  transfer  rates  were  measured  u.sing  thin 
film  gauges,  the  theo.ry  and  use  of  which  Is  described  by  Schultz  and  Jonesdl).  Fast  res¬ 
ponse  micro-thermocouples  were  used  to  measure  gas  temperatures;  the  mainstream  thermo¬ 
couple  was  mounted  in  a  stagnation  probe.  Absolute  pressures  were  measured  using  Kistler 
transducers,  and  National  Semiconductor  transducers  were  employed  for  differential  pres¬ 
sure  measurements.  The  run  time  was  about  0.5  s  and  data  was  acquired  ?nd  processed  on  a 
PDP  11/10  mini-computer. 


RF.SULTS  AND  DISCUSSION 


1 .  Linearity  of  Nusselt  Number  with  Theta 

Figs.  3  and  4  are  examples  of  results  obtained  for  fixed  Injection  and  mainstream 
temperatures,  varying  theta  by  heating  or  cooling  the  wall  prior  to  each  run.  These  show 
that  over  the  range  of  theta  investigated,  the  heat  transfer  coefficient  varies  linearly 
with  theta  for  a  given  mainstream  and  injection  flow.  This  result  is  In  agreement  with 
Metzger  et  al.'s  results  for  slot  injection,  and  Loftus'  re8ults[l2],  and  validates  the 
superposition  model. 

Fig.  5  shows  clearly  that  different  lines,  characterised  by  different  values  of  A 
and  8,  result  from  changing  the  In jection-to-f reestream  temperature  ratio  at  the  same 
blowing  rate. 


m-i 


2 .  Effect,  of  Property  Vari-aUions  Through  the  Injection  Layer 

It  ha's  been  observed  by  Fl.tt  et  al.[131  that  on  an  unblown  flat  plate,  there  is  a 
dependence  of  the  level  of  Nusselt  Nuinner  on  the  <jas-to-wall  temperature  ratio.  This  is 
due  to  temperature-induced  property  variations  through  the  boundary  layer,  and  can  be  rep¬ 
resented  as 


Nu 


Nu 


cp 


n 


The  experimentally  derived  value  of  n  was  used  in  order  to  non-dimensionalise  the  film- 
cooled  levels  of  Wusselt  Number  by  the  unblown  Nusselt  Number  at  the  corresponding  gas-to- 
wall  temperature  ratio.  It  is  possible  that  the  choice  of  the  isothermal  adiabatic  wall 
temperature  would  be  preferred  for  use  in  this  correction,  but  this  does  not  affect  the 
magnitude  of  the  correction  greatly.  it  should  be  noted  that  this  effect  is  not  large 
enough  to  noticeably  affect  the  linear  relationship  of  the  Nusselt  Number  with  theta  over 
the  relatively  small  variation  in  gas-to-wall  temperature  ratio  produced  by  changing  the 
wall  temperature  at  constant  mainstream  temperature.  However,  when  comparing  the  levels 
of  Nusselt  Number  at  different  mainstream  temperatures,  the  variation  in  gas-to-wall  tem¬ 
perature  ratio  is  large  enough  to  become  significant. 

3 .  General  Effects  of  Injection 

The  variation  of  A  and  n  with  distance  and  blowing  rate  at  a  given  in jection-to- 
freestream  density  ratio  can  be  seen  in  Pigs.  6  and  7.  At  low  blowing  rates,  the  value  of 
A  is  very  close  to  unity  except  close  to  the  holes,  where  the  mixing  process  enhances  the 
heat  transfer  rate.  As  the  blowing  rate  increases,  the  effect  becomes  more  pronounced, 
particularly  at  small  x/d,  where  there  can  be  as  much  as  60%  enhancement.  At  large  blow¬ 
ing  rates,  the  value  of  A  tends  to  decrease  again  close  to  the  holes,  but  continues  to 
rise  slowly  at  large  values  of  x/d.  The  value  of  A  at  an  injectlon-to-f reestream  density 
ratio  of  unity  should  be  the  same  as  the  value  of  h/ho.  A  comparison  between  the  present 
data  and  that  of  bless  and  Hay  et  al. [14]  is  shown  in  Pig,  8. 

Fig.  7  shows  that  at  low  blowing  rates,  the  value  of  B  is  close  to  zero  apart  from  at 
x/d  =  2.  This  implies  that  the  fact  that  the  coolant  is  at  a  different  temperature  from 
the  mainstream  flow  has  considerable  effect  close  to  the  holes,  beyond  which  turbulent 
mixing  causes  the  injection  jets  to  become  diluted  by  the  mainstream.  When  the  blowing 
rate  is  increased  to  G  “  0.39  this  injection  temperature  effect  becomes  larger  at  all 
x/d's,  but  is  most  pronounced  close  to  the  hole  where  B  reaches  a  value  of  -0.96.  Further 
increase  in  blowing  rate  causes  a  dramatic  decrease  in  the  magnitude  of  B  close  to  the 
holes,  whilst  it  continues  to  increase  steadily  far  downstream.  An  interpretation  of  this 
is  that  if  the  injection  jets  lift  off  the  surface,  their  effectiveness  as  a  relatively 
cool  insulating  layer  would  be  reduced.  Further  downstream,  where  these  jets  may  have  re¬ 
attached,  the  increased  coolant  mass  flow  will  result  in  dilution  by  the  mainstream  being 
relatively  less  at  a  given  position. 

Fig.  9  shows  that  at  x/d  =  2,  the  combination  of  the  mixing  effect  and  the  Injection 
temperature  effect  results  in  a  maximum  in  the  effectiveness  as  the  blowing  rate  is 
increased,  for  a  given  injection-to-f reestream  temperature  ratio.  This  is  qualitatively 
similar  to  results  from  adiabatic  wall  effectiveness  investigations,  such  as  |2].  It  can 
also  bo  seen  that  there  is  a  significant  effect  of  injectlon-to-freestream  temperature  or 
density  ratio.  As  the  Injection-to-f ree.ctream  temperature  ratio  decreases,  the  blowing 
rate  corresponding  to  maximum  ef fectiveners  Increases.  Mass  transfer  results  by  Foster 
and  Lampard[151  for  the  centreline  effectiveness  downstream  from  90  degree  holes,  and  by 
Pedersen  et  al.  for  35  degree  holes,  also  display  this  trend. 

4 ,  Scaling  Parameters 

It  is  concluded  from  the  above  results  that  the  blowing  rate  is  not  a  good  scaling 
parameter  of  the  injection  process.  For  low  injection  rates,  this  may  be  because  any  lift 
off  phenomenon  associated  with  maximum  cooling  effectiveness  may  depend  on  the  momentum 
flux  of  the  injection  flew  relative  to  the  fteestrearo.  Fig.  10  shows  that  this  parameter, 
the  momentum  flux  ratio,  scales  weak  injection  results  (i.e.  at  injection  rates  below 
maximum  effectiveness)  very  well.  Following  Pedersen  et  al. ,  good  collapse  of  the  strong 
injection  data  was  achieved  using  injectlon-to-freestream  velocity  ratio.  Fig.  11. 

Jones(16l,  using  dimensional  analysis,  suggests  a  Weak  Injection  Parameter  and  a 
Strong  Injection  Parameter  which  can  be  deflm  d  purely  in  terms  of  stagnation  conditions 
and  a  atatlc  pressure.  This  would  be  very  con 'enlent  to  the  designer  since  no  mass  flow 
measurements  are  required.  For  weak  injection,  the  flow  within  the  injection  hole  is 
greatly  affected  by  recovery  of  the  f reestream  tgainst  the  coolant  and 


Weak  Injection  Parameter 


The  Strong  Injection  Parameter  is  derived  to  be  applicable  for  Injection  rates  where  the 
coolant  emerges  as  a  "solid"  body  against  which  the  f reestream  recovers  pressure.  Then 


strong  Injection  Parameter 
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Good  correlation  of  data  from  Poster  and  I^ampard,  and  Pedersen  et  al.  was  achieved  using 
these  two  parameters [ 1 61 .  Correlation  with  the  Weak  Injection  Parameter  is  to  be  expected 
if  data  collapse  is  good  with  the  momentum  flux  ratio.  The  present  data  at  x/d  -  2  is 
shown  to  scale  well  against  the  Strong  Injection  Parameter  in  Fig.  12.  Pig.  13  shows  that 
there  is  a  similar  dependence  on  the  in jection-to-freestream  temperature  ratio  at  x/d  -  8. 
h  value  of  0  -  1.3  was  chosen  since  the  data  was  acquired  in  this  region,  and  because  it 
is  a  representative  engine  value.  The  minima  of  the  curves  for  each  injectlon-to- 
freestream  temperature  ratio  are  brought  together  when  plotted  against  the  Strong 
Injection  Parameter,  Fig.  14. 

COHCLUSION 

The  effect  of  in ject  1  on-to-f reestreara  density  ratio  on  the  level  of  heet  transfer  to 
a  film-cooled  flat  plate  has  been  demonstrated  close  to  the  holes,  hs  the  density  ratio 
increases,  the  blowing  rate  at  which  niaxinium  cooling  effectiveness  occurs  increases. 

For  this  particular  geometry,  the  results  at  low  injection  rates  scale  well  with 
momentum  flux  ratio  or  the  Weak  Injection  Parameter.  At  injection  rates  above  that  which 
gives  a  maximum  in  cooling  effectiveness  close  to  the  holes,  the  results  correlate  with 
velocity  ratio  and  with  the  Strong  Injection  Parameter.  The  two  parameters  proposed  by 
Jones  offer  advantages  as  they  do  not  require  knowledge  of  the  mass  flow  characteristics 
of  the  coolant  holes. 
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DISCUSSION 


Ci.K.  Andrews,  UK 

Hie  simulation  of  correct  density  ratios  by  healing  the  mainstream  gas  has  Irecn  a  feature  of  film  cooling  research  for 
combustion  chamber  applications  fur  many  years  and  out  lest  rig  at  l.eeds  is  typical  of  the  types  of  test  facility  that  has 
been  used.  However,  as  you  have  pointed  out  these  types  of  investigations  have  been  much  less  common  in  single  row 
rilin  cooling  for  turbine  blade  applications.  Your  rc.sults  arc  most  useful  in  distinguishing  between  the  separate  effects  of 
mi.ving  and  density  ratio.  One  aspect  that  may  not  be  simulated  in  your  work  is  the  consequences  of  active  heal  transfer 
within  the  wall.  'I'he  heating  of  the  cnolaiu  air  passing  through  the  wail  decreases  the  density  ratio  and  (I  but  increases 
the  coolant  velocity.  Was  there  any  evidence  in  your  results  that  this  effect  was  significant  for  the  healed  wall  situation 
where  you  used  wall  temperatures  up  to  3(iS‘K?  In  order  that  any  notenlial  effects  can  be  calculated  could  you  give 
more  details  on  the  hole  geometry  including  the  diameter  and  hole  length?  w  as  me  cuumiil  How  established  at  steady 
slate  prior  to  the  actuation  of  llie  isentropic  compression? 

Anther's  Reply 

We  appreciate  that  experiments  with  large  icmirerature  ratios  have  been  conducted  in  the  held  of  combustion  chamber 
film  c(K)ling.  However,  our  results  are  unique  in  that  they  arc  a  systematic  study  to  characterize  the  effect  of  coolant  to 
freestrcani  lcmi>eraturc  ratio  on  heat  transfer.  As  you  have  observed,  this  throws  light  on  the  question  of  coolant-lo- 
Ireestrcam  density  ratio.  Heat  transfer  within  the  cooling  holes  obviously  took  place  when  the  coolant  was  at  a  different 
temperature  to  the  wall.  However,  as  noted  in  the  reply  to  the  previous  question,  the  coolant  centre-line  exit 
temperature  was  the  same  as  the  plenum  temperature.  The  coolant  flow  was  established  at  the  same  instant  as  the 
mainstream  and  this  enabled  the  coolant  conditions  to  be  known  accurately  as  well  as  preserving  an  essentially 
isothermal  wall. 


U.E.Metzger,  US 

You  confirm  that  as  long  as  you  blow  at  low  enough  rate  through  the  holes  and  you  avoid  separating  the  flow,  the  results 
correlate  on  the  basis  of  momentum  ratio,  otherwise  they  correlate  on  velocity  ratio.  Is  there  an  advantage  that  you  sec 
for  correlating  on  the  basis  of  what  you  call  the  "weak  and  strong  injection  parameter"  versus  what  people  have  been 
correlating  on  niomcntum  flux  ratio  or  velocity  ratio? 

Author’s  Reply 

The  injection  velocity  is  a  rather  fictitious  value  and  so  it  appears  to  be  slightly  more  concise  to  correlate  in  terms  of 
measurable  pressures,  which  arc  possibly  known  more  accurately  by  (he  engine  designer  than  will  be  these  flow  field 
measurements  of  density  and  velocity. 


D.E.Metzger,  US 

Where  must  the  designer  measure  the  pressure  associated  with  the  injected  flow? 

Author’s  Reply 

In  the  plenum  itself. 


M.Suv,  US 

I'he  film  coaling  characlcristics  should  depend  upon  the  temperature  of  the  gas  as  it  is  injected.  The  measured  coolant 
temperature  is  in  the  plenum.  Du  you  have  an  e.stimatc  of  the  coolant  temperature  as  it  enters  the  mainstream? 

Author's  Reply 

Tile  temperature  of  the  gas  leaving  the  injection  holes  has  been  measured  using  extremely  hue  thermocouples.  It  was 
found  that  the  coolant  exit  centreline  temperature  was  the  same  as  the  temperature  in  the  plenum.  This  was  to  be 
expected,  for  the  value  of  the  length  to  diameter  ratio  of  the  holes  was  only  five.  The  coolant  therefore  had  a 
temperature  profile  at  exit,  being  equal  to  the  wall  temperature  at  the  wall  and  equal  to  the  plenum  temperature  on  the 
centreline.  As  shown  in  Loftus  and  Jones  |9|  the  principle  of  superposition  may  still  be  applied  if  the  coolant  has  a  self 
similar  temperature  profile  and  the  coolant  temperature  may  he  defined  by  the  coolant  exit  centreline  temperature. 
Unis  tile  ccxilaiit  temperature  referred  to  in  the  paper  may  be  considered  as  the  coolant  temperature  in  the  plenum  on 
the  centreline  exit  temperature  for  the  geometry  examined. 
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RESUME 

I.A  severite  de  1 ' environnement  aerothermique  des  distributeurs  haute  pression  des 
moteurs  modernes  oblige  a  refroidir  leurs  plates-formes  en  utilisant  les  techniques 
jusqu ' ici  reserveos  aux  aubages  ( convection,  f 1 Ims. . 

Des  etudes  oxp6rimentaLcs  ont  pcrmls  dc  mesurcr  les  coef f iciont^^  d'echange  sur  plusieurs 
plates-formes  cenportant  differentos  conCigurations  de  ref roidissement  par  film,  et  de 
caracteriser  les  ^coulements  au  volsinagc  dc  la  parol. 

Ce  document  presente  I 'analyse  des  rcsultats  obtenus  en  les  situant  par  rapport  aux 
predictions.  Les  correlations  dedultes  de  cette  analyse  ont  permis  de  mettro  au  point 
une  methode  generale  de  determi nation  des  coefficients  de  transfert  thermique  integrant 
I'effet  de  1 'injection  d'air  de  refroidissement. 


NOTATIONS 

T  :  temperature  des  gaz  cliauds 
Tp  :  terapArature  de  paroi 
h  s  coefficient  de  transfert  thermique 
X  :  abscissc  curviligne 
A  :  conductivitc  thermique 
i  visco^ltA  dynamique 
A  ;  constante  adimenslonnelle 
Nil  :  nombre  de  Nusselt 
Re  i  nombre  de  Reynolds 
D  X  diametre  des  orifices 


1  -  TRODUCTION 

L '  augmentat  i on  des*  pressions  ct  des  temperatures  qui  regnent  devant  les  turbines  des 
moteurs  modernos  rend  necessaire  le  rcfroidisseinent  de  plus  en  plus  efflcacc  des  plates- 
formes  d(*s  distributeurs  haute  pression,  pieces  qui  jusqu’ ici  n’otaient  pus  critiques. 
Afin  d'optimiser  celles-ci,  une  bonne  connalssance  dos  ecoulemcnts  tridimensionnels  qui 
regissent  les  Achaiiges  au  niveau  des  parols  de  veine  apparait  nocessaire,  afin  de  mettro 
au  point  dos  methodes  dc  prediction  den  coefficients  dc  transfert  thermique  et  des  effi- 
cacites  adiabatiques  de  film  sur  les  platcs-foi'mes .  Leur  validation  (*st  assupce  entre 
autre  par  la  realisation  d'essuis  effectues  sur  des  grilles  d'ouho.s  dans  des  conditions 
representatives  de  cellos  rencontreos  sur  moteur. 

Paral Icloment  au  developpemcnt  dc  ccs  methodes  de  calcul  dont  la  disponlbil ite  n'est 
aujourd’hui  prevue  qu'a  moyen  terme,  les  essais  effectues  sent  utilises  pour  mettre  au 
point  des  correlations  simplifiees  permettant  d'opprchender  les  coefficients  d'cchunge 
ct  efficacites  de  film  avec  unc  bonne  precision.  Les  resultats  obtenus  font  I'objet  do 
cette  publication. 

2  ^  ETAT  DE  L’ART 

Peu  d'etudes  ont  jusqu'ici  etc  consacrees  aux  ccoulements  existants  au  niveau  des  plates- 
formes  de  distributeur  HP.  -inalyse  bibliographique  effectuee  u  ce  sujet  a  permis  de 

faire  le  point  sur  la  conn*  ''n  des  ecoulemonts  secondaires  du  point  do  vu€j  aerodyna- 

mique  et  thermique. 


2.1.- 


Descr iption  dos  ecoult ments  secondaires 


Les  differentos  etudes  qui  ont  etc  entreprises  et  particul ieremont  les  essais  de 
visualisation  ont  permis  de  decriro  les  ccoulcmcnts  secondaires  au  niveau  des 
pi ates-formes .  La  figure  1  illustre  les  phenomenos  tridimensionnols  rencontres. 

Les  lignes  de  cuiirant  se  .separc.  t  au  bond  d’attaque  de  I'aubagc  et  s'enfoulent  on 
deux  bras  qui  degenerent  en  zones  tourbil  loiinaircs :  le  tourbillon  en  fer  a  cheval, 
Le  premier  bras  qui  s’enroulc  «  bord  d’attaque  ct  passe  de  I'intrados  de  I’aube  a 
I’extrados  de  1 ' nubc  adjacente  on  traversant  le  canal  est  le  tourbillon  de  passage; 
le  second  qui  s'enroule  cii  sens  inverse  et  reste  plaque  centre  Pextrados  de  I'aubc 
est  le  tourbillon  de  coin.  La  zone  de  separation  de  ccs  tourbiHons  est  consideree 
comme  une  Konc  de  recirculation  analogue  a  ceVle  creAc  par  une  couc)\e  limite,  qui  sc 
developpant  sur  unc  plaque  plane  est  perturbee  par  un  obstacle  cy 1 indrique , 
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2,^.-  Ltjs  transt'ot^ti*  tlic>rmi(iur?>  sur  i  a  pi  «kt.o-form<* 

L'aivalysc  b  i  b  t  i  ogrr.ipii  { (|iic  oftocbuee  a  c**  sujt'i  a  p«'rmi.s  cle  r'Pc<'r^.sor  tl<*s  expe  r  i  i“nc<*s 
qu  i  lunir  la  plnpart  no  soni.  pas  I'eprosontat  ivos  des  plici\omeiioi5  riMicont  r(?s  sur  molenr 
(maqiu'ttos  Brando  cclicllo,  vitp-s.^e  acceleration  trop  fuLblrs  ptir  rappoit  a  co 

<|U  i  oxi-ste  sut'  un  di  st.r  ibutroj*  III*,  gr  i  I  I  rs  ne  rostituant  pas  la  perio<licite  dr  I'ccou- 
lomont,,.!  rt  qni  souveiU-  no  pas  cxploitablos  du  fait  du  manque  d '  inf  orntatioi»s 

lelativrs  anx  conditions  d'cssais. 

A  pat'tir  de  I  *  et.ud<“  (los  dift'ot'onts  anteui's,  il  cat  impossible  do  concluro  sur  I '6tv.il 
d»*  \a  couch*'  llmitc  tpii  cat  succc -vsi  vcmcnt  considerc**  c.omMio  tnrhulcntc  ou  laininairo, 
L'hypothesc  d<*  la  regeneration  <l*uiic  coucho  limil.c  on  aval  du  toiii'bi  I  1  on  on  for  a 
cheval  ost  souvent  presonteo*  Dos  zones  do  ro I aminar isat i on  on  amont  du  col  dc  la 
grille  ont  etc  decolors  par  cei'tains  auteurs.  D'aiitre  part,  aucut)e  methode  do  calcul 
porinottant  d '  apprcltonder  les  cool't'icioiits  do  transfert  thei'mique  avec  tine  bonne 
pt'oeision  n'apparait  :  los  methodcs  do  calcul  bidimensionnol  les  do  couche  limito 
utilisant  des  modclos  de  turbulence  montrent  dos  ecarts  puuvunt  allcr  do  $0  a  100^ 
avec  les  rcsulLats  de  mesui'i'.  Soule  unc  ooi'relation  Nu  =  f(Ro®)®).  Ic  Key^iolds  otant 
base  sur  la  ligne  de  courant  moyonno  dc  1 'ecoulomcnt  potenti«*L  ost  proposer  par  un 
auteur,  mais  aucune  validation  do  cotie  formulo  n*a  pu  etre  rffectuoc  sur  d'autres 
ossais . 

D'autre  part,  si  cci-taiiis  ro.sultats  soiit  publics  sur  los  cocEficionts  de  transfert 
llirrniiquo  qui  regnent  au  niveau  de^  p  1  ates- formes ,  aucune  information  n'apparait 
sur  la  pi'otection  par  film  (influence  sur  los  coefficients  do  transfert,  officacit6, 
tra joctoi re • . . ) . 

2.3-  Necessito  do  dovelopper  un  programme  d*etudos 

Compto  tonu  des  conditions  do  plus  on  plus  severos  rencontrees  sur  los  motours 
inudernow,  lo.s  pi  atos-fortnes  do  distr  ibutours  voiont  des  tempGrature.s  do  plus  on  plus 
clov6es,q\ii  pour  nne  TliT  de  iSSOK  peuvent  attoindre  localoment  2070K.  ^  cc»s  valours 
intriivseques ,  il  faut  ajoiiter  les  tres  fortes  beterogeneitos  des  temperatures  qui 
regnent  dans  cos  regions  d'ecoulomcnts  socondaires  ot  qui  risquent  d'engendrer  sur 
la  plato-formc,  dos  gradients  thormiques  prohibltifs  pour  la  tonuo  mecanique. 

La  rechorchc  d'un  ref roi dissement  officaco  est  done  rondue  n^cossaire ;  afin  do  mini- 
miser  les  debits  do  ref roidissoment  utilises,  il  est  indispensable  de  connaitre  les 
conditions  llmitos  oxtoriios  ot  en  particuller  les  co<rf f icionts  do  transfert  tlierinl- 
(pio  qui  pour  des  pressions  suporieuros  a  25  bars  ont  dos  niveaux  tres  olovos. 

Aussi  la  ^NfCMA  a-t-clle  decide  do  realiser  son  propre  programme  d'ossais  permettant 
d'acciuerir  dans  des  conditions  do  fonct lotmomont  reallstos  ot  sur  du  materiel  repre- 
soiitatif  des  motours,  les  informations  nece.nsalros  a  la  nii«e  au  point  des  mothodes 
do  calcul  dos  cchanges  thermiques  avec  et  sans  film  sur  les  plates-formos  de  distri- 
buteur . 


3  -  MONTAGE  D'KSSAI 

La  campagne  d'ossais  a  cu  lieu  a  l*lnstitut  Voq  Karman  sur  uno  grille  d'aubes  represen¬ 
tative  do  CO  qui  rat  realise  par  la  SNECMA  sur  les  moteurs  modernos. 

3  •  I  .  -V<?iiu*  d*  :ssai 

to  montage  d'essai  est  compose  d'uiie  grille  plane  de  buit  aubes  permettant  dr  rrs- 
pectrr  la  p6riodirite  do  I'ccoulement  dans  le  canal  ctntral  qui  est  le  canal  d'dtudo. 
l.cs  platcs-formes  inferieures  et  superieiires  sont  simulees  par  dos  plaques  planes 
dnns  losquollos  viennont  s‘mcastrer  les  aubages  (figure  2)>  Les  couches  limites  qui 
so  deveioppent  a  l'.;mont  du  modelo  sont  aspi roes  comme  )e  montre  la  figure  3‘ 

3*2. -Les  percages 

IMusioiirs  tyf.cs  do  pei’*;ago  ont  ete  realises  sur  los  plntos-formes .  La  maquette  1 
(figure  4)  prosente  trois  rangees  d*cniissions  dont  les  orifiers  sont  prr<;6s  paralle- 
lemf«nt  a  I 'axe  moteur.  La  maquotte  2  (figure  5)  presente  la  tnomr  definition  du  per- 
cage  quo  la  maquette  1,  mais  la  I igne  d’orifices  a  ete  deplacdo  do  fa9on  a  ce  quo  la 
rangee  suit  situee  sur  une  isomacli.  Quant  a  la  maquette  3  (figure  5).  die  ue  differe 
<le  la  second**  niaipiette  tiue  par  l  *  orientat  ion  des  per*;agos  par  rapport  «i  I'axe  motnir, 
uii  d  Tiipage  vers  I'intrados  ayant  etc  introduit. 

3.3. - Instrumentation 

Chacunr  tlr.s  plaqups  ainsi  definies  a  ete  equipee  d'unn  imporlante  inst rum<'nt«it ion  : 

-  une  cinquantaine  de  mo.surcs  de  pression 

-  entre  90  et  100  mesurrs  de  flux  suivant  les  capacites  d<‘  eliaqur  plaqu*  . 

Les  deux  types  d(>  prises  do  mesure  rlaient  pr inc ipa  1  t'ment  implantes  dans  lo  canal 
central,  qiM*l,que.s  mesures  do  surveillance  ayaiit  etc  ajoutees  dans  les  canaux  lateiaux. 
Une  illustration  de  cette  instrumentation  e,.»t  presentee  sui’  la  figure  6. 
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L  *  i  n.s  I  rumciil.  .'H  1  on  ot  Irs  f'.ssi»is  ont  ete  realises  a  l*lnstitut  Vofi  Karmaii  dans  la  souffle- 
i’i<‘  a  rafales  I'T'^  pour  les  essais  tJiermiqnos  ot.  dans  la  sonffleria  C3  poui*  It's  mosr’'PS 
ao  rody  nam  i  <|iM's  • 

I,os  cssais  ont  el.o  realises  do  manicre  a  respecter  les  conditions  do  similitude  par  rap¬ 
port  anx  ronditious  qui  sont  I'oncontrera  clans  la  realite;  1  os  cai‘acterist  iquos  sont 
definios  par 


Nombre  de 

f randtl 

:  0,72 

Nombre  de 

Mat'll  aval 

:  1,30 

NoiuIji'c  de 
par  metre 

Key no  1 ds 

:  4() 

10<j 

Rapport  des  tempera- 
l  u  res 

■r  : 

1  .  32 

’^P 


5  ~  MESUKKS  AERODYNAMIOUES 
S .  I  . -Repartition  du  nombre  de  Macli 

1-cs  r'opartitions  do  pros5»ion  ont  ete  mrsurees  sur  les  differentes  pi ates-f ormes  en 
presence  ou  non  do  ctiacune  des  trois  /.ones  d'emission.  La  repartition  du  nombre  de 
Mach  mesui'co  poni'  le  fonct ionnement  sans  film  est  presentee  sur  la  figure  ?■  L'in- 
fluencr  drs  emissions  sne  la  repartition  du  nomhre  df-  Mach  est  faihle,  seule  la 
presence  des  films  situ*  au  niveau  du  col  (emission  3  pour  lc>s  deux  pi  ates-f  orn^es 
'L  ot  3)  iiiflue  sur  la  repartitivu  des  lignes  de  Mach  f  et  g  situees  en  amont  do  la 
itoiu*  d'emission  comnie  le  inotilre  la  figure  8.  La  repartition  aval  resto  quant  a  elle 
inchangue . 


5 , 2 » -Visualisation  des  lignes  de  courant  a  la  paroi 

Raral  Iclemrnt  aux  mesures  de  pression  qul  out  cl  e  effcctii^es  sur  les  plates-f ormes , 
los  tra.jectoii  es  des  lignes  de  rourant  ont  die  visiialiseos  a  I  'aide  d'un  depdt 
d'huile  me  I  angCx^  avec  un  oxyde  de  titaiu'  ot  ile  la  pondre  de  talc*  Un  exemple  do 
visualisation  est,  presents  sur  la  figure  9»  pour  un  essai  sans  emission.  La  elevia- 
lion  do.s  ligrios  de  courant  de  '  tntrados  vers  I'extrados  apparatt  nettement.  De  meme 
en  presence  dc*  film,  les  ti*ajeccographios  ont  ete  realisees  comme  le  montre  la 
figure  10,  pour  la  platc^-forme  numcro  1,  les  trois  zones  d'emission  etant  alimentdcs 


l.a  c'omparaison  des  I  ignes  de  courant  visualisees  avec  et  sans  film  est  prdsentec  sur 
la  figure  11;  si  I'effet  du  a  la  premiere  rangee  n'apuarait  que  tr^s  localcment,  les 
seconcle  et  troisleme  rangees  modifient  les  trajectoires  des  ligiies  de  courant  de 
fac^on  imporl.nnt<‘ ,  celles-ci  sc  rapprochant  de  cel  les  do  I'ecoulement  potfuiticfl  »  La 
mf^me  comparaison  effectuee  sur  la  plate-forme  numero  I  montre  un  resultat.  different, 
h‘s  lignos  dr  courant  n'etant  que  tres  iocalement  affectees  par  la  presence  des 
emissions,  I'effct  n '  i  nter  veiiant  qu'ii  la  sortie  ties  omissions,  comme  le  moutcre  la 
figuiu*  12.  II  en  c.st  de  meme  pour  la  troisieme  plate-fonnc  ou  la  modification  des 
lignes  de  courant  n'apparalt  que  .sur  quelques  millimetres  rn  aval  des  orifices 
d'emission.  De  ces  l  esultats,  il  ressort  que  si  I 'angle  de  per«;age  affecte  locale- 
ment  la  Irajectoire  des  ligues  dr  courant,  "I'effet  de  rangee"  semble  jouer  un  role 
priinoruial  dans  la  deviation  possible  de  cellos-ci. 


6  -  MLSUKfS  COEFFICIENTS  DE  TKAN5FERT  TIIERMXQDE 

h .  I  .  Resul  sur  les  pi  ates-formes  sans  filiri 

Les  mesures  des  flux  ther.niqiies  au  niveau  <!<?  la  parui  ont  ete  depouillces  rii  utlli- 
sar.t  les  rcsultats  aero-'*  namiques  (repartition  des  Lignes  de  Mach  et  des  lignes  de 
courant)  obtenus  tors  «  la  premiere  partie  de  la  campagne  d'essai. 

11  cl  ote  recherche  des  correlations  donnant  le  transfert  thcrmi(|ue  sous  la  forme 
Nux  =  flRejr),  par  analv/^ir  avc?c  la  plaque  plane,  avec  : 

Nu*  =  _ 5. 

ir~ 

Kex  -  ^ 

Crs  relations  ont  etc  appl iquees  sur  les  lignes  de  courant  1  elles  df  plate-forme 
determiners  loi’s  des  visualisations.  Oeux  regions  distinctes  appara  i  ssrui  ulors  ; 

-  line  region  ditr  "aval"  ou  1  '  orlgine  des  Lignes  de  courant  se  trouvo  a  la  paroi 
intrndos  de  1  '  aube ,  les  particiiles  proveiiant  d'un  niveau  siipiM’ieur  et  entralnees 
par  I'ccoulemcnt  transversal  apparaissant  sur  la  plate-forme  a  cet.  endroit. 
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-•  uiu*  dH-c'  "amont."  pour  ltiq»<*lle  I'nri^rin*?  di*s  ligiu*/^  de  coiuMot  ost,  plus 

dolicatr  a  dotc^rmiiirr  qui  .1  ot  o  fix«*o  an  niveau  dii  film  de  chambrr  cousidero 

eotnmc  poin(<  do  depart  de  la  couebe  limitr  apres  que  colle  issue  du  bccquot  ait 
dctolle  en  cet  eitdroit  (ot'  fi^iure  3)- 

Notons  (|ue  la  sci)aration  d<^s  deux  t'cgions  (|iit  h  el.e  faitc  correspond  pliysiquomcnt  h 
la  position  dcs  points  de  la  plate-fonnc  par  rapport  au  tourblllon  er»  fer  a  cheval 
(tourl)illon  do  p«a.ssaiie). 

I. 'analyse  des  mrsui'os  effect.uceu  sut*  les  trois  platcs-forines  sans  emission  do  film 
a  poi'mis  do  detorminor  nno  correlation  pour  la  zone  aval,  de  la  forme  (fiijiire  1)  j 


Cette  loi  s'apparento  fortoment  a  cello  obtrnue  pour  une  coiiche  limito  turbulentc 
so  dcvoloppant  .siir  into  plaf|ue  plane,  bieti  ({ue  le  coefficient  A  qui  a  unc  valeur 
unique  pour  1 'ensemble  des  lii^ncs  de  courant  soit  different;  I'exposant  affecte  au 
nombro  do  Koynolds  ralcule  on  clta<|uc  point  stir  la  li^nc  dc  courant  tend  a  prouver, 
quo  dans  la  zone*  aval,  I'ecoulement  ost  d*origine  turbulento. 

Une  cnmpai’aison  dcs  I'dsultats  obtonus  a  dtc  fnite  avre  un  programme  de  calcul  dc  la 
cooebe  limitc  Ic  long  de  c«tt«  ligne  dc  courant  par  differences  fitiies,  ubilisant 
iin  modelo  de  comportement  dr  la  burbulenor,  et  est  presentee  sur  la  figure  13  i  une 
rr  1  ami  n.'ir  i  sat  ion  dc  la  coiiclio  limitr  turbulento  apparait  on  amont  du  col,  suxvio 
d'unr  noiivellr  transition,  pheuomcno  qui  o'est  pas  confirmc  par  les  mesures.  Si  ce 
type  dc  metbode  de  calcul  du  developpemeni.  de  la  couche  liroite  appnrait  tout  a  fait 
adapte  a  la  prevision  des  dchanges  pour  des  ecoulomcMits  bidimcnsionnels ,  son  utili¬ 
sation  dans  dcs  /ones  d ' dcouloments  secondaires  n'apporto  pas  dc  rdsultats  satisfai- 
sants , 

four  la  /one  "amont",  lo  memo  type  de  correlation  que  pour  la  zone  "aval"  a  etc 
obtetiuo  (figure  14)- 

Nil,  =  U  K«x 


Toutrfois,  la  grande  dispersion  des  mesures  observec  dans  cette  region  no  permeb 
l)ns  d'arcordtM’  a  ce(-te  correlation  une  grande  valeur,  I '  importance  des  phcnomcnes 
t  r  i  diiiien.s  ionnol  s  utant  telle  que  sevie  la  miso  au  point  des  methodcK  de  calcul 
sopliistiqueo.s  permotbra  d'approclior  de  fa^on  precise  les  cchatiges  thermiques. 

(i ,  2 . -Hcsultats  sur  les  platcs-formes  en  presence  de  film 

Un  pr^‘senco  des  iilm.s  emis  par  chacunc  dcs  zones  d'emission  des  trois  pi  otes-f  ormes , 
l<*s  mesures  dos  echunges  thermiques  orit  etc  effectuates.  La  comparaison  de  ces  valours 
a  cellos  mosUfiSos  sur  los  platcs-formes  non  refroidicR  par  film  montre  un  comporte¬ 
ment  analogue  a  celui  rviicoiitre  sur  los  plaques  planes  ou  seiilo  la  zone  situce  im- 
mediatement  en  aval  dos  orifices  d*<;miKsinn  pr^sente  une  augmentation  importantc  du 
coefficient  d'eebange,  tandis  qu'aillcurs  sa  valour  reste  equivalente  a  ce  qu'clle 
aiirait  cte  sans  la  presence  du  .ilm  comme  IMllusire  pour  la  seconde  plate-forme 
I  a  f i gurc  1 5 . 

l.a  metbode  d'analyse  des  resultats  cst  analogue  a  cello  qui  a  ete  iitilisee  pour 
etuTeler  les  coefficients  dc  transfert  tbermique  sans  film,  les  mesures  ayant  6*tc 
depuuillees  sur  les  lignrs  dc  courant  vlsualisees.  Toutrfois,  compte  tenu  de  1 ' im- 
pos.slbilHe  actueiU*  d<-  prevuir  les  !  ignes  dc  courant  en  presence  de  film  ot  afin 
dr  pnnvuir  aboutir  a  dcs  cori*e1  ations  utilisablrs  pour  le  dimensioiiiiemt^nt  tlirrml(|ur 
dr.s  plates-formr?/,  les  ditfer<!ntes  mrsurrs  out  ete  ctudlcrs  pour  Irs  t ra jectograph ics 
dcs  pi  at(‘s-f ormrs  nun  refruidics  par  film. 

fuut'  line  valour  conniir  du  laux  dr  soufflagr  m,  les  rapports  des  coefficients 
d'e<diaiige  avre  film  aux  cor f f i ci rntK  d'cchangr  sans  film  ont  etc  ti'aces  sur  la  figurr 
16  en  function  du  rapport  x/l)  dr  la  distance  a  1' injection  an  diametre  D  dcs  orifices 
(I'emisKion.  Uirn  <|uc  la  dispos'sion  des  mesures  soit  assez  grande,  iiiir  correlation, 
'«upant  I'oiisrmbir  d<’s  rrsultats  obtenus  pour  les  trois  pi  ates-formc^s  a  pu  i?tro 
dr,  >  donnant  1  '  augmentat  i  on  du  coefficient  di*  transfert  tbrrmiqur  en  fonctloii  du 

p  »  .'t.evrc  x/l).  Co'if oriticmrnt  a  I'aiialysr  qualitative  qui  avait  ete  faito  precedemtnont  , 
la  rvrr’olation  obtrniir  montri?  <|u'au  dc-la  de  10  diameters,  I'iriflurncr  <la  la  presence 
dll  film  sur  la  valriir  du  corffici€?nt  dr  transfert  tlirrmitpie  drvirnt  negligeablr. 

L  '  j  iici-rt  M  ude  qui  apparait  rst  maxiinalr  dans  la  zone  de  forte  mod  i  f  icu  t  i  on  du  corf- 
licieiit  d'ochaiige  juste  en  aval  du  film  <x/P  <10)  :  compte  trnu  de  1  '  importance  dr 

ulieuoincne  (le  pompa'^e  thermiqur  du  a  la  coiiv<?ct i oii  dans  les  orifices  d'emission, 
comme  I  *  augmentat  i  on  dr  coefficient  (l*echange  resto  re  I  at  i  vemeiit  modorer,  I'erreur 
qui  sera  faite  siii  1  '  rst  i  mat  i  on  de«5  coid’f  ic  i<:nts  de  trarisf(‘rt  thermiejur  (•j.ternrs 
dans  cettr  zone  du  fait  de  1  '  1  nipr«*c  i  s  i  on  d«*  la  correlation  n '  entra  Jiiera  qii'ur.e 
faible  i  nee  r(.  i  t  iide  sur  la  pervision  drs  tiunperatures  metal. 
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6  .  .5  .  -  Kt'f  i  i  t  e  ci<-  t  i.  hii 

lUon  qut*  los  resulLats  snt*  h*5>  eft*  i  cfic  i  *-cs  <!c*  film  nr  fassont  pas  l'obj<*t  <|f*  rotto 
t  on  ,  il  rst  intorrssanf:  <io  sijjnalor  qur  tlrs  mrsui‘<?s  <1  *  rff  i  rac  i  tc  out  etc 
I'Ocilisers  pour  rhac.un  dcs  filins  trroi.s  pla*  r.s-foi*n><^-s  lil.  orit  prrniis  ilc  nif?ttrr  on 

evi<k»nc<*  corLains  I'csiiltaLs  : 

-  im  film  cmis  cii  amont  <|o  la  zono  <l«-  s«>i>arat.ion  pout  otro  oiitraino  dans  lo  tourbil- 
Ion  do  passa^re  ot  reapparat tro  a  la  sootio  do  la  ;;r)llo  avoc  uno  tres  Porto  efpi- 
cac  i  t.c  ; 

-  I<»s  carac  t  er  i  st  iqnos  tjeofnctriques  qui  influoncont  1  '  of  f  ieac  ito  do  film  .sont  simi- 
lairos  a  col  los  cpii  ont  etc  detormiiieos  pour  la  plaque  plaiio^ 

•  pout'  crrtaiiis  films,  nn  comportomont  annloi^ue  a  coUii  dos  films  sc^  devcf  Loppaiit 
SLIP  Lino  plaque  piano  a  cte  constate* 

La  miso  au  point  des  correlations  donnaiit  les  efficacites  do  film  on  fonction  des 
paramoti'os  gdometriquos  des  portages  ot  dos  parametres  do  I  '  dcoulomoiit  a  <?td  c*iitr<»“ 
prise  a  la  SSKCMA. 

7  -  APPUKT  DK  L’t-TUDK  POUR  IE  lllMENSIONNl^MEMT  l)ES  PLATES-FQKMES 


7  •  1  •  -F.tat  do  la  coucho  lirnite 

Los  etudes  ontreprises  a  partir  des  essals  quo  la  SNLCMA  a  fait  realise!*  a  I'l.V.K 
unt  permis  dc  trouvor,  <(ue  pour  dos  conditions  de  slmiIitu<lo  par  rapport  a  cellos 
rencoiitrdes  sur  moteur,  la  couche  limite,  doiit  le  comportement  est  do  type  turbulent, 
.se  decompose  on  doux  zones  sitiieos  de  part  et  d*  autre  du  tourbil  Ion  do  passage.  La 
prcsenc<*  d'un  film  no  modifie  globaloment  pas  le  comportement  de  cebte  coucite  limito. 

7 . 2 . -Application  d'un  modole  de  calcul 

Conformcment  aux  rdsultats  do  1 'analyse  bibi ioj^rapbique ,  les  methodes  de  calcul 
btdimensionnel  les  de  la  couclie  lirnite  se  sont  avdrees  inut  1 1  isables  pour  ddcrire 
Ics  ecoulements  sur  les  plates>forroes. 

Dos  correlations  ont  etc  mi.ses  au  point  permettant  d’obtenir  le  coefficient  de 
Li'iinsfei  I  Iberiiiique  eri  chaque  point  dc  la  platcj-forme .  Elios  ont  <»t<5  appliqneos  aux 
experiences  pour  li^squollus  nous  dlsposions  do  suf f isamment  d ’ informations  concer- 
iiant  les  conditions  d'essais  :  la  separation  amont-aval  do  I  (^coiiloment  u  etc 
reCruuvee  et  l<*s  foi’mules  appliquccs  sur  les  lignos  de  courant  permottent  de  retrou- 
ver  les  I’osultats  de  m<'surc  avoc  uno  pi'ccision  cori'ecto  (20  %) ,  Ces  rcsultats 
permettent  de  valider  iiutre  demarche. 

7 . 3 ‘ ^Utilisation  des  correlations 

Les  C'orr/jlations  qui  out  <H6  mlsos  au  point  sont  appliqu^c^s  au  dimeiisionneinent 
thermique  des  pioce.s  moteur  et  permettent  de  predire  les  coefficients  d'echarige 
sans  film  avec  tine  honru*  precision;  une  correction  locale  peui  otre  appllqtiee  a  ces 
coefficients  d'echange  eii  presence  d'un  film  repr^sentatif  do  ceux  qui  out  etc  I.estes 
(nombre  de  rangees,  taux  de  soufflage,  position...). 

L ' ame 1 iorat ion  des  motbudos  de  prediction  dcs  eebanges  au  niveau  des  platos-formcs 
des  d istributeui's  IIP  permet  d * env isa'^er  1  ' augmentation  do.*;  conditions  de  temjicratu- 
rc  et  lie  pressioa  qui  regnent  devant  les  turbines  avec  confiatice,  le  d  imensioniieniont 
r.M‘  letir  systeme  de  ref  roi  d  Issement  pouvarit  se  faire  avec  un  degre  de  confiance  se 
rapprochant  de  cnlui  qui  oxiste  aujoiird'liui  .sur  les  aubages. 

8  -  C'0NCLU.S1UN 

Ui>e  st^rle  d' c.ssa  1  s  d<?.stifies  a  mettrer  au  point  des  methodes  de  o.iicul  tr  id  imens  i  onne  1  1  es 
dOH  transforts  thermiquos  le  long  d€*s  parols  baigneos  par  les  ecoulements  secondaires  a 
etc  roali  ee,  Une  analyr.o  simplifiee  des  rcsultats  obtenus  a  permls  dc  definir  des  cor- 
rclatiotis  dotinant  les  coefficients  d'cebange  sur  les  plates-formos  dc  dlstr ibutour  on 
presence  on  non  de  film;  ces  formules  qui  ont  etc  validces  sui*  d'autres  essais  realises 
par  la  SNECMA  on  issus  de  recherches  bihl iograpbiques  permettent  de  dimensionner  le  com- 
portemeiit  tliermiquo  des  plates-formcis  avec  tine  bonne  pri6cision. 
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1.  SUMMARY 

For  hot  and  high  speed  .uibines  it  is  desirable  to  use  blades  without  tip  shrouds, 
which  are  an  enbarraasment  from  the  point  of  view  of  centrifugal  weight  and  cooling. 

The  static  shroud  segments  are  then  exposed  to  very  severe  thermal  conditions. 

It  is  difficult  to  design  shroud  segments  which  will  survive  these  conditions 
without  demanding  so  much  cooling  air  that  the  specific  fuel  consumption  advantage  of 
the  shroudless  blade  is  completely  absorbed. 

The  problem  involves  two  parameters:-  cooling  requirements  and  integrity. 

Therefore,  for  a  variety  of  possible  segment  section  design  concepts,  the  first 
part  of  this  paper  will  examine  fundamental  relationships  which  control  the  cooling 
requirements. 

The  second  part  of  the  paper  explains  the  decision  to  evaluate  experimentally  the 
integrity  of  section  designs,  and  a  description  and  technical  justification  of  the 
chosen  test  technique,  which  overcomes  the  heat-transfer  compromises  involved  in  testing 
at  atmospheric  pressure. 


MONBRCUITURB 

ASSUMED 

VALUE 

Tg 

Gas  temperature 

1300 

“C 

hg 

Hot  side  heat  transfer  coefficient 

17,400 

w,'ra2/oc 

cp 

Specific  heat  of  cooling  air 

1005 

Joules/kg/^ 

Tci 

Cooling  air  temperature 

600 

Oc 

Tl 

Temperature  of  hot  su.rface  of  ceramic 

“C 

T2 

Temperature  of  hot  compliant  metal  surface 

Oc 

T3 

Temperature  of  hot  metal  surface 

Oc 

T4 

Temperature  of  cold  meta^  surface 

oc 

Tcj 

Cooling  air  outlet  temperature 

Oc 

l) 

Cooling  efficiency 

q 

Heat  flux 

w/m^ 

Km 

Conductivity  of  metal  substrate 

20 

w/m/oc 

Kc 

Conductivity  of  ceramic  (YSZ) 

.0 

w/m/oc 

Ki 

Conductivi''y  ot  Compliant  Layer 

1.1 

w/m/°C 

"c 

Thickness  of  cerLiiic 

mm 

XI 

Thickness  of  Compliant  Layer 

mm 

xm 

Thickness  of  metal  aubstcate 

2.0 

mm 

Engine  core  gas  mass  flow 

131.5 

kg/sec 

M 

Cooling  air  flow 

kg/sec 

Shroud  arer 

.113 

m2 

INTRODUCTION 
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3. 


The  great  majority  of  Rolls-Royce  gas  turbine  aero-engines  have  used  shrouded  blade 
turbines,  giving  good  tip  sealing  as  well  as  good  performance  retention.  The  cooling  of 
the  static  shroud  segments  against  which  the  blade  tip  shrouds  run  is  relatively  easy 
and  effective,  since  a  film  of  cooling  air,  both  from  an  annular  release  in  front  of  the 
segments  and  from  blade  cooling  air  released  from  the  blade  tips,  is  easily  established 
and  maintained  over  the  full  axial  length  of  the  liner.  This  means  that  the  cooling  air 
requirements  are  quite  low  and  relatively  low  temperature  materials  may  be  used. 

Demands  far  increased  gas  turbine  efficiencies  in  the  longer  term  can  be  satisfied 
by  running  the  turbine  hotter  and  faster.  In  these  circumstances  the  blade  tip  shroud 
is  an  embarrassment,  from  the  point  of  view  of  its  C.F.  weight  and  the  extra  cooling  air 
required,  both  for  the  shroud  itself  and  for  the  aerofoil,  so  that  it  may  carry  the 
weight  of  the  shroud.  However,  deletion  of  the  tip  shroud  exposes  the  static  shroud 
segments  directly  to  the  turbine  gases.  Also,  in  order  to  minimise  over  tip  leakage, 
the  tip  clearance  between  the  blades  and  the  segments  must  be  kept  as  low  as  possible, 
E.G.  U.2-0.3  mm.  This  gives  a  very  high  heat  transfer  coefficient,  with  little  chance 
of  maintaining  a  cooling  film,  so  that  the  heat  flux  into  the  shroud  segment  is  much 
greater  than  with  shrouded  blades. 

Unless  great  sophistication  is  designed  into  the  cooling  system,  together  with  the 
choice  of  the  right  materials,  the  efficiency  gains  from  the  use  of  the  higher  speed 
turbine  will  be  sacrificed  completely  by  the  need  for  extra  expensive  cooling  air.  In 
addition  to  this  there  are  a  number  of  other  criteria  which  need  to  be  satisfied, 
abradability,  erosion  and  oxidation  resistance,  and  mechanical  integrity.  Each  of  these 
aspects  of  performance  merits  a  substantial  programme  of  research.  Therefore,  in  order 
to  render  the  task  manageable,  this  paper  addresses  only  the  problems  of  cooling  and 
integrity  in  the  conditions  of  extreme  thermal  cycling. 

The  first  part  of  the  paper  examines  the  steady  state  thermal  requirements,  leading 
to  estimates  of  required  quantities  of  cooling  air  flow  for  different  section 
constructions.  The  second  part  of  the  paper  is  concerned  with  the  integrity  of  ceramic 
layers  and  examines  the  transient  temperature  behaviour  in  an  idealised  engine  cycle, 
bearing  in  mind  the  need  to  define  some  simple  tig  tests  which  can  be  used  to  evaluate 
those  designs  featuring  ceramic. 


4.  SHROUD  COOLING  ANALYSIS 

Before  specifying  and  developing  a  shroud  design,  it  is  important  to  understand  the 
fundamental  thermal  constraints  which  apply  to  various  types  of  section.  The  purpose  of 
this  exercise  therefore,  is  to  examine  the  lequiteaents  which  must  be  satisfied  by  a 
shroud  design.  Various  alternative  design  proposals  are  examined,  starting  with  hare 
metal  and  progressing,  via  ceramic  coated  metal  substrates,  to  ceramic  coated  substrates 
incorporating  a  compliant  intermediate  layer. 

The  thermal  model  chosen  is  simply  a  one  dimensional  heat  transfer  calculation 
through  a  slab  or  sandwich  corresponding  to  the  shroud  segment  design  being 
investigated.  The  steady  state  conditions  are  calculated  by  solving  a  set  of 
simultaneous  equations,  corresponding  to  the  various  layers  of  the  section. 

Many  of  the  quantities  used  in  the  equations  are  themselves  variable,  but  for  this 
very  basic  assessment,  representative  constant  values  are  used.  This  should  not 
invalidate  the  broad  and  general  conclusions  produced  by  the  analysis,  in  order  to 
assess  the  cost  of  cooling  air  required,  a  hypothetical  engine  is  considered.  The 
dimensions,  temperatures  and  air  flows,  together  with  the  values  of  other  constants 
I7.ed,  are  set  '..ot  with  the  nomenclature. 

'.'he  maximum  loc:.!  annulus  gas  temperature  Tg,  is  assumed  to  be  1300°C  (ISVl'^K)  this 
is  approximately  equau  ^o  the  mean  flame  temperature  at  take  off  of  an  engine  using 
shroudless  bladss,  so  it  typically  applies  to  a  hot  streak  condition  with  some  dilution 
due  to  combustion  chambe-'  wail  cooling.  The  heat  transfer  coefficient,  hg,  is  assumed 
to  be  17,100  wattb.'m-V^K .  Information  on  heat  transfer  coefficients  applying  to  the  hot 
surface  of  a  shroud  scgir-^nt  is  sparse.  The  chosen  value  is  the  best  estimate  available 
for  a  single  value,  to  bt  applied  for  the  whole  of  the  segment. 

The  temperature  of  cooling  air  used  to  cool  the  shrouds  is  taken  to  be  600°C  and 

corresponds  to  using  KP  compressor  delivery  air.  As  on  the  hot  side,  to  do  precise 

calculations,  one  should  define  a  heat  transfer  coefficient  for  the  cold  side  -  he. 

This  is,  however,  directly  dependant  on  che  mass  of  cooling  air  used  and  this  needs  to 

be  minimised.  Also,  the  choice  of  cooling  system  has  yet  to  be  resolved  and  this  too 
affects  he,  so  this  method  of  procedure  in  this  instance  is  nut  appropriate.  Therefore 
the  calculations  in  this  paper  avoid  this  difficulty  by  using  the  concept  of  cooling 
efficiency  <i .  As  a  result  the  product  >)M,  which  is  a  measure  of  the  'cooling  demand', 
now  appears  as  a  parameter  in  the  calculations.  The  virtue  of  this  approar-h  is  that  it 
allows  the  decisions  on  the  type  of  cooling  system  and  the  quantity  of  ceding  air  used 
to  be  left  to  the  end  of  the  analysis. 

temperature  gain  of  cooling  air  Tc2  -  Tci 


temperature  differential,  metal  to  cooling  ait 


T4  -  Tci 
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4.1  UNOOATEO  MBTAL  SHMXIDS  (lapingeaent  or  convection  cooled) 


Tg  (1  300®C) 


FIG  1  TBBUU^  GRADIENTS 


The  one'dimensional  heat  tlux  equations  are  set  out  below. 

■=  hg  (Tg  -  T3) 


HEAT  FLUX 

q 


from  ().) 
from  (2)  +  (3) 

divide  (4)  by  (S) 


(Tg  -  T3) 

(T3  -  TCi) 

Tg  -  T3 
T3  -  Tci 


<T3  -  T4) 
X  10~3 

M  Cp  {TC2  -  TC3) 
^'hg 


nMCp  (T4  -  Tcj,) 


q 


X  i0~^  .  i 

♦  mcpy 


1000/, 


hg 


(1> 

(2) 

(3) 

(4) 

(5) 

(6) 


Xm 

-u^ 

Xm 


1000 

))MCp 


If  T3  Is  taken  as  lOSO^C  (maximum  for  an  oxidation  resistant  coating  or  material 
like  the  'MCrAly'  alloys). 


Tg  -  T3 


1300  -  1050 
1050  -  600 


,555 


T3  -  Tci 

Transposing  (6)  and  entering  values  for  the  constants,  we  get 


1IM 


1 

1005 


1000 


1000 


17400  X  .555 
19.9 


Xm 

20 


2.07  -  Xm 


(7) 


(0) 


(9) 


It  is  convenient  to  express  the  quantity  VM  as  a  percentage,  i.e.  a  decimal  for  1) 

M 

and  a  percentage  of  engine  HP  air  used  for  cooling  (N) ,  i.e. -  x  100,  for  the  area 


of  the  full  shroud  annulus  (.llSm^). 


Therefore  iIM  *  .113  x  *  -j 


131.5 


1.71 

■s-cr--  *m 


(10) 


This  equation  shows  that  tie  heat  transfer  coefficient  on  the  hot  side  is  so  high 
that,  even  with  an  infinite  heat  sink  on  the  cold  side,  the  hot  surface  metal 
temperature  cannot  be  brought  down  to  1050^  when  the  metal  thickness  exceeds  2  nm.  The 
heat  flux  is  so  high  that  it  needs  a  large  temperature  gradient  to  draw  the  heat  through 
the  metal  and  there  is  then  left  no  temperature  difference  between  the  cool  side  metal 
and  the  cooling  air. 


4.2  NBTAL  SHROUDS  Crransplration  cooled) 


Tg  ( 1  lOOOC. ) 


FIG  2  TaERMAL  GRADISMTS 


For  this  configuration  T  must  be  redefined,  substituting  T3  for  T4  for  the  cooled 
metal  temperature,  since  the  cooling  air  now  has  the  potential  for  cooling  the  full 
section  thickness,  including  the  metal  at  the  highest  temperature./  TC2  “  Tci  \ 

'  "t^  -  Tci'  j 


HEAT  FLUX 

q 


f-  hg 


(Tg  -  T3) 
MCp  (T3  ->  Tci) 


T 

(’.1) 

(12) 


Processing  these  equations  for  the  full  shroud,  In  decimal-percentage  terms  as 
before  yields 


hM  -  .825  %  (j.3) 

This  value  is  plotted  as  a  single  point  on  Pig  6,  together  with  other  curves 
generated  later.  Note  that  this  is  a  constant  value,  not  dependant  on  the  thickness  of 
the  section.  Note  also  that  the  cooling  flow  requirement  may  be  halved,  by  halving  the 
ftansfer  coefficient  (hg) ,  increasing  the  tolerable  metal  temperature  (T3)  to 
1150OC,  decreasing  the  gas  temperature  (Tg)  to  IIVS^C,  or  decreasing  the  cooling  air 
temperature  to  150°C. 


If  the  insulating  effect  of  the  cooling  air  as  a  result  of  the  formation  of  a  film  on 
the  hot  surface  is  ignored,  the  maximum  value  of  i)  which  might  be  assumed  for  this 
system  is  0,3.  This  leaves  a  cooling  air  mass  flow  requirement  of  2.75%,  which  is  very 
high  and  de.JOnstrates  the  desirability  of  effective  film  cooling  with  all  -  metal 
shrouds. 


4.3  MKTAL  SOB6TRATS  MITB  CERAMIC  GOATIHG 


PIC  3  THERMAL  GRADIENTS 
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Now  V  Is  defined  as  for  4.1,  using  T4  irt  place  Of  T3,  giving  the  following 
equations:  _ 

"  hg  (Tg  -  Til  (14) 


HEAT  FLUX 

q 


Xo 


X  10- 
Km 


(Ti  -  T3) 
(T3  -  T4) 


10-3 


»  UUCP  (T4  -  TCj) 

Now  by  adding  (11)  and  (I'j),  then  dividing  by  (1C)  +  (17)  we  get:- 


Tg  -  T3 
T3  -  Tci 


1000 

hg” 


(15) 

(1C) 

(17) 

(18) 


_ign& 

liMCp 


It  is  now  assumed  tnat  the  maximum  substrate  temperature  (T3)  is  OSO^’C,  to  allow 
the  use  of  a  Ibwer  grade  of  metal  for  the  substrate. 


Therefore  Tg  -  T3 


1300  -  950 


T3  -  TCI  750  -  600 

5ubtitute  this  in  equation  (17)  and  re-arrange  to  get:- 

1000 


OM 


/lOOO  ^ 
V  hg 


*c  I  *inS 

Kc 


(19) 


(20) 


We  may  now  substitute  for  the  other  constants  and  express  the  equation  in  decimal- 
percentage  terms  as  before.  Also  a  fixed  value  of  (2  mm)  may  be  used  to  simplify  the 
equation:- 

*0  -  .034 

The  value  of  Kg  taken  is  that  of  a  low  conductivity  ceramic,  in  this  case  yttrla 
stabilised  zirconia  (YSZ) .  The  effect  of  the  ceramic  is  to  reduce  the  heat  flux 
considerably,  and  so  much  less  cooling  air  is  required.  The  calculations  show  that 
about  1  mm  of  XSZ  is  needed  to  keep  the  product  OH  down  to  about  0.1.  This 
corresponds  to  about  i%  of  coo) ing  air  with  an  impingement  cooling  system  of  0.2 
efficiency.  The  surface  temperature  of  the  ceramic  is  almost  equal  to  the  gas 
temperature  and  there  is  a  large  temperature  drop  across  the  ceramic.  It  should  be 
noted  that  if  OM  could  be  allowed  to  rise  to  0.2  the  ceramic  could  be  made  as  thin  as 
.35  mm,  which  is  the  sort  of  thickness  used  on  other  components  with  some  success. 
Alternatively,  if  the  maximum  substrate  temperature  were  set  at  1050*2C  this  thickness  of 
ceramic  (.35  mm)  would  only  require  a  nM  value  of  0.1. 

4.4  METAL  SDBSTRATK  NITH  A  CERAMIC  COATING  ON  AM  INTERMEDIATE  COMPLIANT  LAYER 

One  possible  method  of  alleviating  the  distress  imposed  on  the  ceramic  by 
differential  thermal  expansion  between  the  ceramic  and  the  dominating  substrate,  is  to 
interpose  a  relatively  flexible,  compliant  layer,  typically  a  sintered  mat  of  oxidation 
resistant  metallic  wires.  This  section  considers  such  a  construction,  which  is  cooled 
by  passing  air  over  the  rear  of  the  substrate. 

Tg  (1300"C) 


CERAMIC 

COMPLIANT 

LAYER 

SUBSTRATE 


f*Iv 

rij 

X  ( 2inm) 


I  r 


I  i 


The  heat  flux  equations  ace  as  follows: 


II 

y 

1 

(22) 

=  Kc 

(Tl  -  T2) 

(23) 

KEAT  FLUX 

Xc  X  lO-J 

q  I 

II 

1 

1 

(T2  -  T3) 

(24) 

Xi  X  10-3 

Km 

(T3  -  T4) 

Xm  X  10-3 

_ 

=  i)MCp  (T4  - 

Tci) 

(26) 

Add  equations 

(22)  +  (23),  then 

divide  by  the  sum  of 

(24)  +  (25)  +  (26) 

Tg  -  T2 
T2  -  TCI 


1300 

hg 


(27) 


1000 

:jMCp 


T2  features  in  this  equation,  since  the  critical  temperature  in  this  construction 
is  the  highest  temperature  of  the  metallic  compliant  layer.  If  T2  is  set  at  950°C,  for 
long  term  oxidation  resistance  of  the  fine  metallic  wires. 


Tg  -  T2 
T2  -  Tci 


1.100  -  950 
950  -  600 


(28) 


This  may  be  substituted  in  equation  (27),  which  when  re-arranged  becomes:- 

1000 _  (29) 

Cp 


’IM 


lOM" 


C  hg 


**m 

hm 


Ki/ 


When  values  for  the  constants  ace  substituted,  set  at  2  mm  and  expressed  in 
decimal  -  percentage  terms  for  the  hypothetical  engine,  the  equation  simplifies  to:- 


VM 


.0678 


1'P7>25  Xi)  -  .()34' 


(10) 


The  form  of  the  graphs  of  this  equation,  for  a  range  of  values  of  is  Indicated 

*c 


in  Fig  6.  Note  that  if  is  greater  than  approximately  1.2  to  1.3  it  beromes 

*c  _ 

impossible  to  hold  T2  down  to  950°C. 


This  calculation  shows  that  the  introduction  of  a  compliant  layer  requires 
additional  cooling  air.  This  is  because,  as  well  as  acting  as  an  insulator  (K^^ciK^.), 
the  temperature  of  the  hot  side  of  the  layer  now  becomes  the  limiting  factor,  and  it  is 
on  the  wrong  side  of  some  of  the  insulation. 


Ideally  a  very  thin,  highly  conductive  compliant  layer  is  required,  but  this  might 
millitate  against  its  compliance.  On  the  other  hand,  the  use  of  a  thicker  or  less 
conductive  compliant  layer  demands  more  cooling  air. 

The  requirement  for  more  cooling  with  thick  compliant  layers  can  be  counteracted  by 
increasing  the  thickness  of  the  ceramic.  Thus  a  typical  design  could  be  2.5  mm  of 
ceramic  on  2.5  ram  of  compliant  layer.  The  calculations  predict  that  the  product  of  i|M 
would  be  .1,  and,  as  before,  would  correspond  to  using  of  cooling  air  with  an 
impingement  cooling  system  of  0.2  efficiency.  The  calculated  temperature  distributions 
show  that  the  ceramic  surface  is  almost  at  gas  temperature,  there  are  large  temperature 
drops  of  almost  equal  magnitude  across  the  ceramic  and  the  compliant  layer,  the 
temperature  gradients  are  however  much  less  steep  than  with  ceramic  alone. 
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4.S  MRAIe  SUBStRATB  NtTH  A  CERAMIC  COATIMG  OH  A  COMPLIAMT  LAYER  NBICH  IS  COOUD  BY  THE 
TRAMSRIRATIOH  OP  COOLIHG  AIR 


CERAMIC 

COMPLIANT 

LAYER 

SUBSTRATE 


Tg  inOO'C) 


FIG  5  THERMAL  GRADIENTS 


The  cooling  ale  may  now  rise  to  temfecature  t2i  therefore  the  cooling  efficiency 
most  he  redefined  as:  Tc2  -  Tej^ 


HEATPLUX 

<1 


Tj  -  Tc^ 
hg  (Tg  -  Ti) 


Kc 


“c  X  10-i 
=  >)MCp(T2  -  Tci) 


(Ti  -  T2) 


(31) 

(32) 

(33) 


Equation  (31) 

+  (32)  divided 

by  (33)  glves:- 

.'z 

1000  Xc 

1 

1 

hg  ^  Kc 

(34) 

T2  -  Tci 

1000 

>)MCp 

1 

1000 

then  gM  = 

Aoop  .  Isl' 

hg  *  Kc , 

^  Cp 

(35) 

Substitute  for 

the  variable 

and  convert  to  decimal  -%  terms: 

tlM 

.0670  ^ 

(36) 

Xc  f  .046 

1 

( 

t 

I 

I 

! 


I 


i 


i 


The  ability  to  pass  the  cooling  air  through  the  compliant  layer  means  that  the  low 
conductivity  of  the  layer  is  no  longer  providing  a  restriction  for  heat  flow.  The 
compliant  layer  can  be  of  any  desired  thickness.  The  cooling  air  car.  theoretically  rise 
to  the  limiting  temperature  of  the  compliant  layer,  i.e.  950*70.  This  provides  a  very 
good  system  with  a  high  cooling  efficiency,  due  to  the  intimate  contact  of  the  cooling 
ait  with  the  compliant  layer,  which  has  a  high  surface  area.  Thus  low  thicknesses  of 
ceramic  can  be  considered.  Most  of  the  temperature  drop  Is  taken  across  the  ceramic, 
whose  surface  is  very  close  to  the  gas  temperature. 


4.4  CONCLUSIONS  OF  SHRODD  COOLING  ANALYSIS 

The  main  numerical  results  of  the  above  analysis  are  plotted  on  FIG.  6.  Also  FIG. 7 
is  a  chart  which  Indicates  the  cooling  air  costs,  advantages  and  disadvantages  of 
possible  designs  in  the  various  configuration  studied. 

4.6.1  Uncoated  Metal  Shrouds  (Impingement  or  convection  cooled) 

This  is,  of  course  not  plotted  on  FIG.  6,  since  there  is  no  ceramic  involved. 
However  the  cooling  demands  are  high  and  strongly  dependant  on  metal  thickness.  In 
fact  above  a  thickness  of  approximately  2  mm,  it  becomes  impossible  to  keep  the 
metal  below  lOSO^C,  no  matter  how  efficient  is  the  cooling. 


1  vs 


4.6.2  Metal  Shcoiids  (Tcanspication  Cooled) 

Metal  thickness  is  no  longer  a  parameter  and  the  shroud  segments  may  be  of  any 
desired  thickness.  A  single  point  is  plotted  on  FIG.  6  (at  =  0)  tor  reference. 
If  some  degree  of  film  cooling  is  achieved  with  the  exhausted  cooling  air,  the 
cooling  costs  may  be  lower  than  quoted. 

4.6.3  Metal  Substrate  with  Ceramic  Coating 

Much  depends  on  the  thickness  of  the  coating  and  the  temporat'.  re  to  which  the 
metal  is  to  be  cooled.  The  thicker  coatings  require  the  least  cooling,  but  they 
are  also  the  designs  which  suffer  most  from  integrity  problems. 

4.6.4  Metal  Substrate  with  Ceramic  Coating  on  Compliant  Layer  (Impingement 
Cooled) 

The  compliant  layer  offers  a  solution  to  the  integrity  problem,  but  its  presence 
increases  the  cooling  costs  and/or  requires  a  thicker  ceramic  coating.  In  addition 
there  Is  a  relationship  between  the  ratio  of  compliant  layer  to  ceramic  thickness 
and  the  cooling  costs,  with  definite  limits  to  the  thickness  ratio. 

4.6.5  Metal  Substrate  with  Ceramic  Coating  on  Compliant  Layer  (Transpiration 
Cooled) 

The  constraints  on  compliant  layer  and  ceramic  thickness  described  above  are 
removed.  Also  the  direct  cooling  of  the  compliant  layer  is  very  efficient.  The 
cooling  costs  are  similar  to  those  of  the  simple  ceramic  coating  configuration, 
while  the  integrity  advantage  of  the  compliant  layer  is  maintained. 


COMPLIANT 

LAYER 

CONSTRUCTIONS 


FIG  6 


PR2D1CTBD  COOLING  AIR  REQUlREMBtiTS 


SHROUD  SECTION  OKSIGH 

PREDICTED 

t]M 

PROBABLE 
i|  M» 

REMARKS 

7 

SIMPLE  ALL-METAL  -  2MM 

INFINITE 

.2  Oo 

IMPOSSIBLE  TO  COOL  TO  1050°C 

THICK  IMPINGEMENT  COOLED 

SIMPLE  ALL  METAL  (SAY  2HM 

1 

VERY  EXPENSIVE  ON  COOLING  AIR 

- 

THICK)  TRANSPIRATION 

1 

BUT  MAY  BE  ACCEPTABLE  ESPECIALLY 

COOLED 

1 

IP  HIGHER  TEMPERATURE  METALS 

TO  lOSO^'C 

.U2 

.3  2.75 

1 

ARE  USED,  OR  EFFECTIVE  FILM 

TO  1150OC 

.41 

.3  1.4 

1 

COOLING  IS  ACHIEVED. 

1 

CERAMIC  COATED  SUBSTRATE 

1 

(2  mm  THICa) 

f 

(SUBSTRATE  IMPINGEMENT 

- 

COOLED  TO  950^0 

- 

WITH  1  mm  OF  VSZ 

.07 

CHEAP  COTLTNG,  BUT  HAS  INTEGRITY 

_ 

PROBLEMS 

WITH  .35  mm  01’  YSZ 

.20 

wsmam 

MORE  EXPENSIVE  COOLING,  BUT  BETTER 

INTEGRITY 

1 

CERAMIC  COATED  SUBSTRATE 

! 

(2  mm  THICK) 

(SUB.-TRATE  IMPINGEMENT 

< 

COOLED  TO  950OC) 

1 

WITH  2.5  ram  YSZ  on  2.5  MM 

.10 

.2  0.5 

CHEAP  COOLING,  BUT  THICK  COMPLIANT 

COMPLIANT  LAYER 

LAYER  REOUIHBS  ICK  CERAMIC 

COAT,  WITH  AT?  .INT  INTEGRITY 

PROBLEM. 

WITH  1.5  MM  YSZ  ON  1.5  MM 

.18 

.2  0.9 

MORE  EXPENSIVE  COOLING,  BUT  BETTER 

J 

COMPLIANT  LAYER 

INTEGRITY. 

i 

f 

;  ilC  COATED  SUBSTRATE 

.  f 

(.  THICKNESS)  WITH 

TRANSPIRATION  COOLED 

B 

4  ! 

COMPLIANT  LAYER 

1 

VERY  EFFICIENT  COOLING,  WITH  ONLY 

(ANY  THICKNESS) 

1 

CONSTRAINT  ON  COMPLIANT  LAYER 

- 

WITH  1  mm  YSZ 

.065 

1 

THICKNESS  BEING  THE  ABILITY  TO 

wm  0.5  nun  YSil 

. 

.125 

_ 1 

warn 

1 

PASS  THE  REQUIRED  AMOUNT  OF  AIR. 

. 

FIG  7  POSSIBLE  SBROOO 

DESIGNS 

1 

5  CBRAMIC  COATING  INTKCRITY 

Having  made  an  estimate  of  the  cooling  demands  foe  a  selection  of  shcoud  design 
concepts,  it  is  also  necessary  to  investigate  the  difficult  problem  of  mechanical 
integrity  of  the  design's,  particularly  with  respect  to  the  ceramic  coating.  The  first 
requirement  is  that  the  shroud  assembly  should  be  capable  of  prolonged  service  at  the 
elevated  temperatures  associated  with  engine  service.  However,  the  most  difficult 
requirement  is  the  need  to  survive  the  cyclic  stresses,  resulting  from  differential 
thermal  expansions  occurring  during  e.ngine  acceleration  and  deceleration. 

Ideally,  given  a  full  understanding  of  the  problem,  a  theoretical  analysis  of  the 
designs  should  be  performed.  This  would  involve  the  calculation  of  transient  thermal 
gradients  in  three  dimensions,  for  the  full  engine  cycle.  The  next  step  would  be  the 
application  of  the  relevant  mechanical  and  thermal  properties  of  the  various  materials, 
which  themselves  ate  variable  with  temperature,  in  order  to  predict  the  three 
dimensional  stress  cycles.  The  final  step  would  be  the  assessement  of  the  stress  data 
against  a  number  of  complex  failure  criteria.  The  first  of  these  three  steps  might  be 
feasible,  though  difficult  to  achieve  with  confidence.  The  second  step  involves 
material  data  which  is  at  present  poorly  specified.  Also,  the  final  step  requires  the 
full  knowledge  of  very  complex  and  various  failure  criteria,  which  is  not  available  at 
this  time. 

The  performance  of  this  theoretical  analysis  would  therefore  be  a  formidable  task, 
with  many  possibilities  for  error,  which  would  inevitably  reduce  confidence  in  the  final 
conclus ions . 

The  second  part  of  this  paper  describes  an  alternative  approach,  for  which  only  an 
element  of  the  first  of  the  three  above  steps  is  used,  in  order  to  specify  a  rig  test 
experimental  evaluation  which  will  provide  the  required  assessment  of  integrity. 


r- 


1.1-iO 


The  tests  involve  a  test  piece  which,  thouqh  lacking  some  o£  the  details  of  an 
engine  shroud  segment,  is  representative  in  terms  of  size,  shape  and  section  design.  To 
this  test  piece  is  applied  a  thermal  cycle,  which  is  chosen  to  give  representative 
thermal  gradients,  while  keeping  the  absolute  temperatures  at  a  reasonable  level.  The 
'stress  and  failure  analysis'  is  then  performed  by  the  rig  test.  The  main  compromise 
involved  is  the  order  difference  in  heat  transfer  coefficients,  between  the  atmospheric 
pressure  rig  and  the  high  pressure  engine.  This  is  corrected  by  two  means.  Firstly, 
the  flame  used  in  the  ig  is  hotter  than  the  annulus  gas  in  the  engine.  The  relevant 
quantity  is  the  temperature  difference  between  the  flame  and  the  hot  surface  of  the  test 
piece,  not  the  absolute  flame  temperature,  therefore  this  is  quite  a  powerful  factor. 
Secondly,  in  the  engine,  the  annulus  temperature  will  take  several  seconds  to  rise  and 
fail,  but  on  the  rig  the  flame  may  be  applied  and  remove!  from  the  specimen  almost 
instantaneously.  This  factor  can  be  used  to  steepen  the  transient  gradients,  to  correct 
for  the  low  heat  transfer  coefficient  on  the  atmospheric  rig. 

The  only  analytical  part  of  this  method  is  the  selection  of  the  rig  thermal  cycle, 
which  will  give  the  correct  thermal  gradients.  For  this  a  computer  program,  giving 
transient  one  dimensional  thermal  gradients  at  a  number  of  times  through  the  cycle,  is 
used  for  both  rig  and  engine.  FIG.  8  Illustrates  the  method  used  to  select  the  cycle. 


FIG  a  METUOO  USBD  TO  SELECT  TEST  THERMAL  CYCLES 

Note  that  the  iterative  alterations  to  the  test  cycle  are  chosen  arbitrarily,  but 
with  increasing  skill  as  the  exercise  proceeds.  The  final  selected  test  cycle  is 
specific  to  each  design  of  section  and  it  is  then  used  as  a  guide  for  setting  up  the 
conditions.  The  predicted  front  and  rear  face  temperatures  are  then  used  to  monitor  the 
cycle  and  for  fine  adjustments  to  the  control  parameters,  e.g.  flame  power  and  cycle 
time . 


The  rig  used  is  illustrated  by  FIG  9.  The  specimen,  which  is  50  mm  square,  is 
supported  in  a  wate,'  cooled  holder,  which  may  be  shuttled  between  heating  and  cooling 
positions  by  an  automatically  scheduled  pneumatic  ram.  Heat  is  supplied  by  a  large 
180  kM  oxy-propane  burner,  which  not  only  has  adequate  power,  but  also  is  large  enough 
to  give  even  heating  over  the  face  of  the  specimen.  For  some  cycles  an  active  cooling 
jet  is  used,  but  not  for  all. 
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For  most  specimens  only  two  pieces  o{  instrumentation  arc  used.  A  radiation 
pyrometer  is  used  to  record  the  front  face  temperature  (Tj,)  and  a  thermocouple  is 
attached  to  the  rear  face  to  record  T4.  During  early  tests  more  fully  instrumented  test 
pieces,  with  thermocouples  embedded  in  the  sections  at  each  material  discontinuity,  were 
used  to  evaluate  the  test  method.  A  typical  output  is  shown  in  FIG.  lU.  The 
distribution  of  temperatures  is  as  expected,  showing  that  the  values  of  thermal 
conductivity  specified  for  the  materials  are  approximately  correct.  These  results  then 
justified  the  use  of  only  two  temperature  measurements  on  the  main  programme  specimens. 

The  rig  and  test  technique  have  been  commissioned  during  a  quite  extensive 
programme,  during  which  many  of  the  basic  conclusions  which  are  widely  published  by 
other  researchers  have  been  confirmed.  At  this  point  the  testing  of  sections  involving 
ceramics  was  suspended,  as  the  rig  was  diverted  to  another  programme,  which  is  not 
within  the  scope  of  this  paper.  It  is  now  intended  to  return  to  a  programme  of  research 
on  the  concepts  described  in  this  paper. 
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PIG  10  FULLY  INSTRUMENTED  TEST  PIECE  -  RIG  CYCLE  RESULTS 


6 .  CONCLUSIONS 

This  paper  has  explored  two  aspects  of  the  design  and  development  of  shroud 
segments  for  turbines  which  use  unshrouded  blades.  The  first  part  of  the  paper  is  a 
general  assessment  of  the  thermal  gradient  through  various  types  of  section,  to  give  a 
basic  understanding  of  the  thermal  requirements.  In  particular,  for  sections  involving 
ceramic  coatings,  it  has  defined  the  thickness  of  coating  required  and  related  this  to 
the  cost  in  terms  of  cooling  air  flow.  In  addition,  a  problem  or  limitation  associated 
with  the  use  of  a  compliant  layer,  as  a  result  of  its  relatively  low  conductivity,  has 
been  high-lighted.  A  possible  means  of  overcoming  this  problem,  by  means  of  the 
transpiration  of  cooling  air  through  the  porous  compliant  layer,  has  been  described. 

The  second  part  of  the  paper  described  a  method  of  comparative  asscssement  of 
engine  and  rig  thermal  gradients  and  cycles.  This  has  been  used  to  define  a  set  of  test 
conditions,  in  which  there  will  be  some  confidence  that  the  test  results  will  be 
meaningful  and  relevant. 

Though  no  comprehensive  programme  of  tests  has  yet  been  performed,  the  rig  has  been 
fully  commissioned  and  it  is  intended  to  commence  such  a  programme  in  the  near  future. 


l>t.SCll.SSION 


D.K.Hcnncckc ,  Gc 

Whal  ceramic  material  were  you  using? 


AuthurN  Reply 

riiough  the  type  of  analysis  descrilwl  may  be  used  for  a  variety  t»f  iiiaterials,  the  properties  used  in  this  paper  are  for 
ytirin  stabilized  zirconia.  'I'lie  experimental  work  done  so  far  has  coiifirined  that  improved  integrity  is  obtained  with 
partial  stabilization. 


D.K.Hcnncckc,  Ge 

Was  the  ceramic  coating  also  employed  as  abrasive  or  abradable  coaling? 

Author's  Reply 

I'hc  lack  of  abradability  is  iinollier  of  the  difncult  problems  associated  with  the  use  of  ceramics  on  static  shrouds.  It  is 
very  desirsible  that  iibrasion  should  remove  materiiil  from  the  stator,  rather  than  the  rotor  blade  lips.  'Hie  literature 
describes  a  number  of  conceplual  solutions;  porous,  therefore  abradable,  top  coals  on  the  ceramic  or  abrasive  caps  on 
the  blade  lips.  A  more  elegant  solution  would  be  the  use  of  a  reliable  active  tip  clearance  control  system  (possibly  with 
mechanical  activation),  l  itis  should  reduce  the  frcc|ucncy  of  lip  rubs,  such  that  the  cunsc(|ucnl  loss  of  performance, 
requiring  a  removal  of  the  engine  for  rcfurl>ishmcnl.  would  be  acceptable. 


D.K.Hcnncckc,  Gc 

In  oiiso  of  a  riib-in  of  the  tdadcs  into  llic  coating  wouldn't  the  compliant  layer  lie  sc|ucczcd  so  that  the  cooling  flow  would 
be  reduced? 

Author's  Reply 

I’hc  above  remarks  apply  to  this  (|ueslion  but  in  any  case  I  would  anticipate  that  a  severe  rub,  which  might  compress  the 
compliant  layer,  would  also  remove  the  ceramic  in  a  gross  manner.  If  lltc  flow  characteristics  of  the  compliant  layer 
were  designed  to  be  self  metering,  such  a  design  might  be  to  a  degree  fail-safe. 


D.A.Ncaly,  GS 

Just  an  observation.  Utir  own  work,  primarily  in  the  conlexi  of  combustor  cooling  has  shown  that  both  normal  (through 
thickness  of  layer)  and  axial  teni)H:ralure  gradients  through  the  Irimspiration  cooled  compliant  layer  may  tic  very 
subsliiniial.  The  strong  axial  tnaiorial  temperature  gradients  are  in  fact  a  eunsequciicc  of  the  high  intrinsic  thermal 
cffteiency  of  the  transpiration  ctKtIcd  layer.  I  would  simply  like  to  point  out  that  these  thermal  gradient  details  may  have 
some  imixirtant  implictilions  relative  In  ceramic  layer  thermal  stresses. 

Author's  Reply 

'llierc  is  strong  evidence  to  suggest  that  a  coaling  which  will  be  successful,  from  the  point  of  view  of  avoidanee  of 
cattisirophic  failure,  will  necessarily  suffer  radittl  cracking  at  an  early  stage.  Tills  Iteing  the  case,  the  coating  will  be 
effectively  strain  isolaleil  in  the  axiiil  direction.  In  any  case  I  would  expect  that  since  the  intermediate  layer  is  to  some 
extent  coinpliant,  its  planar  dimensions  will  be  cuiilroHcd  by  the  solid  substrate. 


F.Ramelte,  Fr 

Quelle  esi  la  iiiitiirc  <lu  materiati  utilise  pour  lit  cotiche  inicrmcdianc  sous  la  ceiamique,  el  quel  est  sun  niveau  dc 
IHirosiie  |tour  permetlre  tin  refroidissement  par  Tilnt? 

Author's  Reply 

Hie  parlicular  material  which  I  have  used  for  this  exercise,  is  the  commercial  product  'Druinsbond'.  This  consists  of  a 
sintered  mat  of  0. 1 25  mm  (O.tlD.'i  inch)  diumelct:  ‘Vioskins  K75’  wires  (randomly  orientated).  The  dcnsily  of  the 
ptirliciilar  version  considered  is  .15"/o.  (i.c.  f>5"/o|>orosily). 


J.IV1.Hannis,  UK 

'Hie  shroud  segment  gas  temperature  assumed  was  1 3()(rc  —  bearing  in  mind  effects  of  combustor  ttaverse,  upstream 
vane  plalfurm  cooling  and  discharge  of  cooling  air  from  the  rotor  blade  tip,  whai  engine  turbine  inlet  Icnipcrature  docs 
this  represent? 

Author’s  Reply 

Given  the  qtialilalive  and  approximate  nature  of  this  analysis,  I  have  assumed  tliat  the  deltas  you  have  listed  may  give  a 
net  variation  of  zero.  I.e.  the  local  gas  temperature  is  equal  to  the  (urtiine  inlet  temperature.  I  have  assumed  that  the 
effect  of  Tilm  cooling  will  Ite  inininial. 


sliroudeJ  blading' 


Author’s  Reply 


ThS  decision  v.h,ch  depends  on  many  unconnccicd  factors,  as  well  as  tcntpcralurc  levels. 


»!;V' 
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ENGINE  TESTS  ON  A  COOLED  GAS  TURBINE  STAGE 
H.J.  Graf 

BBC  Brown,  Boverl  &  Company.  Limited 
CH-S401  Baden,  Switzerland 


INTRODUCTION 

The  new  gas  turbine  type  8  was  developed  for  increased  specific  power  output  and 
improved  efficiency.  These  goals  were  accomplished  on  the  one  hand  by  modifying  the 
thermodynamic  cycle  parameters  and  on  the  other  hand  by  optimizing  the  compressor  and 
turbine  efficiencies.  By  using  more  efficient  cooling  systems,  it  was  possible  to 
attain  considerable  progress  on  the  turbine  end.  Even  though  the  relative  cooling  air 
mass  flow  rate  could  be  reduced,  the  service  life  of  the  parts  subjected  to  the  hot  gas 
has  not  changed  from  that  of  the  existing  BBC  gas  turbine  type  9,  a  32  MU  unit  which 
has  an  Identical  design  concept.  Particular  attention  has  been  paid  not  only  to  mechani¬ 
cal  stressing,  but  also  to  corrosion  attack. 

Modern  theoretical  tools  were  available  for  designing  the  cooling  system.  In 
addition,  the  most  Important  functions  were  rechecked  in  model  tests.  A  detailed  report 
on  these  experiments  was  already  presented  in  llj.  Nevertheless,  various  factors  that 
have  quite  an  important  effect  on  the  heat  transfer  within  a  turbine  can  n>:lther  be 
calculated  exactly  nor  measured  experimentally.  These  include,  on  the  hot  gas  side, 
effects  such  as 

-  nonunlformlties  and  fluctuations  of  the  inlet  flow 

-  the  combined  influence  of  free  stream  turbulence,  pressure  gradient, 
surface  curvature  and  roughness  on  the  boundary  layer  development 
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-  cbe  three-dimensional  flow  character  Including  rotation  and  end 
wall  secondary  flow 

-  the  injection  of  film  cooling  air 

Additional  problems  arise  in  the  prediction  of  the  internal  heat  transfer;  geometrical 
parameters  and  rotational  elfectt  have  an  important  influence  on  Che  pressure  loss  and 
Che  local  value  of  the  heat  transfer  coefficient  t2].  For  that  reason,  it  is  absolutely 
necessary  to  check  Che  design  in  the  machine  itself. 

For  Che  type  8  gas  turbine,  extensive  measurements  were  taken  in  an  installation 
set  up  for  that  purpose.  With  more  than  100  measuring  points  for  temperature  and 
pressure,  the  operational  reliability  of  Che  entire  cooling  system  had  to  be  demon¬ 
strated.  At  the  same  time,  the  design  procedure  used  had  Co  be  verified  on  two  speci¬ 
fically  Instrumented  test  vanes  and  blades.  The  third  objective  was  to  test  new  com¬ 
puter  codes  for  the  heat  ‘-rahsfer  prediction  in  boundary  layers,  provided  Chat  a 
sufficient  measurement  accuracy  could  be  achieved.  This  paper  discusses  the  results  of 
these  measurements  on  the  first  stage  vanes  and  blades. 


TEST  ENGINE 

A  complete  description  of  the  type  8  gas  turbine  can  be  found  in  [3],  [4]  and  [S]. 
In  its  design  point,  the  machine  operates  with  the  cycle  temperature  and  the  pressure 
ratio  shown  in  Fig.  1.  These  parameters  are  chosen  bused  on  economic  and  design  con¬ 
siderations  and  provide  a  power  output  of  45  HW  with  a  thermal  efficiency  of  32Z  at 
base  load  condition, 

By  increasing  Che  circumferential  speed,  it  was  possible  to  limit  the  number  of 
stages  in  the  turbine  to  three  despite  the  higher  inlet  pressure  (compared  Co  Che 
four-stage  type  9  turbine).  For  the  same  reason,  the  specific  aerodynamic  loading  of 
the  individual  rows  was  small,  so  that  high  aerodynamic  efficiencies  were  attained. 
Measurements  in  a  model  turbine  [1]  have  confirmed  this. 


TABLE  1:  GEOMETRIC  AND  AERODYNAMIC  DATA  AT  MID-SECTION 
BASE  LOAD  (IDLE) 


Vane 

Blade 

chord  length 

s 

Tnm 

91 

56 

aspect  ratio 

1/8 

- 

0.9 

1.9 

solidity 

t/s 

- 

0.87 

0.84 

diameter  ratio 

- 

1.15 

1.19 

speed 

n 

rain”' 

- 

6300 

inlet  pressure 

‘'0.1 

bar 

14.3  (11.7) 

9.0  (7.3) 

exit  pressure 

1 

Pi. 2 

bar 

9.0  (7.3) 

7.2  (5.6) 

exit  Mach  number 

Ma 

- 

00 

o 

_ 1 

0.65 

exit  Reynolds  number 
based  on  chord  leneth 

Re 

- 

2.6-10^(3.4-10^) 

1.1-10^(1.4-10^) 

Table  1  lists  the  design  conditions  for  the  center  cross-section  ot  the  first 
stage  vane.  The  flow  parameters  taken  from  a  streamline  curvature  through  flow  program 
were  -  where  necessary  -  corrected  using  the  results  of  three-dimensional  calculations 
or  experiments.  Fig.  2  shows  o  comparison  of  the  data  measured  with  those  computed  for 
a  geometrically  similar  single  stage  turbine.  To  calculate  the  pressure  distribution 
along  the  profile,  a  time-marching  procedure  was  used  that  was  likewise  checked  against 
measurements  (Fig.  3).  The  effect  of  film  cooling  injection  on  the  pressure  distri¬ 
bution,  the  exit  flow  angle  and  the  losses  was  determined  from  cascade  measurements  [1] 
The  same  computer  programs  were  used  for  the  test  evaluation. 
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Another  important  factor  for  the  heat  transfer  on  blades  is  the  approach  flow  at 
the  turbine  inlet.  The  conditions  for  this  flow  depend  quite  significantly  on  the  type 
and  on  the  arrangement  of  the  combustion  chamber.  The  turbine  design  and  the  test 
evaluation  are  supported  by  the  long  years  of  BBC  experience  with  single  combustors. 


COOI.ING  SYSTEM 


The  heat  shields  of  the  rotor  and  the  vane  carrier  as  well  as  four  rows  of  the 
blading  are  cooled.  Fig.  k  shows  the  individual  flows  of  cooling  air.  The  largest 
portion  of  the  air,  which  is  taken  off  mainly  at  the  end  of  the  compressor,  cools  Che 
various  rows  of  blades  and  vanes.  The  total  consumption  of  cooling  air  is  held  as  low 
as  possible  by  means  of  an  extensive  system  of  seals  in  the  area  of  the  blade  roots  and 
the  heat  shield  segments. 

The  precision  cast  test  vane  made  of  1N939  has  a  sheet  metal  insert  (Fig.  5)  and 
is  impingement  cooled  in  the  leading  edge  zone.  A  portion  of  the  cooling  air  exits  on 
the  suction  side  through  three  rows  of  film-cooling  holes.  The  remaining  air  is  used 
for  convection  cooling  of  Che  pressure  and  suction  sides  across  longitudinal  ribs.  Heat 
transfer  in  the  trailing  edge  section  is  increased  by  means  of  pins.  The  cooling  air  is 
Chen  mixed  with  the  mainstream  through  trailing  edge  slots. 


For  dimensioning  the  individual  cooling  air  passages  and  guides,  a  computer 
program  that  is  structured  similar  to  TACT  1  [6]  was  used.  Correlations  for  the  deter¬ 
mination  of  pressure  losses,  heat  transfer  coefficients  (coolant  side)  and  film  cooling 
efficiencies,  all  derived  from  experimental  investigations  or  literature  data  (see,  for 
example,  [7]  and  (81),  form  the  basis  for  Che  analysis  of  any  cooling  system.  The 
discharge  coefficients  for  the  individual  cooling  air  outlets  were  measured  in  the 
cascade  test  mentioned  above.  Using  these  data,  the  following  mass  flow  distribution 
was  calculated  for  the  two  test  vanes: 


Film  holea  row 

1: 

6Z 

row 

2: 

102 

row 

3: 

102 

Trailing  edge 

742 

Table  2  shows  the  corresponding  film  cooling  parameters.  The  resulting  distribution  of 
temperatvires  and  thermal  stresses  is  calculated  using  a  Finite  Element  program. 


TABLE  2:  FtIM  COOLING  PARAMETERS  (VANE) 


row  1 

row  2 

row  2 

blowing  rate 

Pc''e'pg''g 

- 

0.95 

1.2 

1.2 

momentum  flux  ratio 

Pc-c/pg-g 

- 

0.4 

0.7 

0.7 

holt  diameter 

d 

non 

0.6 

0.6 

0.6 

hole  spacing 

t/d 

- 

3.3 

3.3 

3.3 

injection  angle 

a 

o 

40 

35 

30 

density  ratio 

1 

Pc^Pg 

- 

2.0 

1 

2.0 

1 

2,0 

A  different  cooling  system  was  selected  for  the  first  stage  teat  blade  (Fig.  6), 
which  Is  also  precision  cast  (IN738).  The  leading  edge  is  cooled  by  means  of  a  radial 
hole  with  cross-ribs.  The  m.iin  radial  channel  in  the  mid-chord  region  of  the  airfoil 
has  the  same  cross-ribs  for  heat  transfer  augmentation.  Arrays  of  short  cylindrical 
pins  are  placed  in  the  trailing  edge  part  which  is  fed  with  cooling  air  from  the  main 
channel  via  a  deflection  at  the  tip  of  the  blade  and  a  small  opening  In  the  hub  area. 
The  whole  cooling  air  is  discharged  through  trailing  edge  slots.  The  flow  distribution 
at  the  outlet  on  the  trailing  edge  was  measured  on  a  rotating  water  test  stand  [1]. 
With  that  it  was  possible  to  recheck  the  design,  which  was  carried  out  in  a  manner 
analogouc  to  the  test  vane. 
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INSTRUMENTATION 


In  order  to  obtain  as  great  an  accuracy  as  possible  In  the  evaluation  of  the 
results,  measurements  were  taken  not  only  of  a  large  number  of  wall  temperatures,  but 
also  of  boundary  conditions,  such  as  cooling  air  pressure,  temperature  and  mass  flow, 
wall  pressures  and  hot  gas  temperatures.  Fig.  7  shows  the  various  measurement  posi¬ 
tions.  Special  measuring  sensors  made  of  Platinum-Rhodium  were  developed  to  determine 
the  hot  gas  temperature  at  different  radial  and  circumferential  locations  in  the  hot 
gas  channel.  They  were  fastened  directly  to  the  individual  vanes.  A  layer  of  Insulation 
between  the  measuring  pin  and  the  blade  prevented  any  heat  flow  into  the  blade  material, 
so  that  the  difference  between  the  measured  temperature  and  the  effective  hot  gas 
temperature  became  minimal  (less  than  2Z).  The  error  in  measurement  could  be  restricted 
to  4  IZ  by  means  of  a  mathematical  correction  from  a  finite  element  analysis. 


All  wall  temperatures  were  measured  using  sheathed  chromel-alumel  thermocouples. 
The  thermocouple  wires  were  laid  in  grooves  machined  Into  the  blade  surface  (dia¬ 
meter  0.5  mm)  and  fastened  mechanically  by  means  of  prick-punching  which  guaranteed 
a  very  exact  positioning.  The  grooves  were  then  filled  with  brazing  material  and  ground 
over.  In  order  to  restore  the  original  surface  quality. The  variation  in  depth  of 
Insertion  was  measured  in  a  blade  .that  was  cut  up,  and  found  to  be  less  than  +  2Z 
relative  to  the  thickness  of  the  walls.  Errors  in  measurement  of  temperatures  that 
correspond  to  this  difference  are  negligible.  Thus,  the  overall  accuracy  of  measurement 
Is  given  by  the  thermocouple  Itself,  the  wiring  and  by  the  measuring  instruments. 
According  to  the  laboratory  specifications,  values  of  +  2Z  for  the  vane  and  +  3.5Z  for 
the  blade  were  attained. 


The  two  adjacent  test  vanes  were  equipped  with  13  thermocouples  each  on  the 
circumference  of  the  vane.  One  of  these  vanes  had  a  separate  cooling  air  feeding  system 
which  allowed  precise  measurement  of  the  mass  flow  rate.  In  addition,  it  could  be  used 
for  cyclic  tests-  Thermocouples  were  applied  to  various  other  vanes  for  purposes  of 
control.  Fig.  R  provides  an  overview.  Also  showa  In  that  figure  are  vanes  that  were 
coated  with  thermal  paints,  and  the  point  where  the  radiation  pyrometer  (which  was  used 
primarily  for  measurements  on  rotating  blades)  was  checked.  Uncertainties  about  the 
emlsslvlty  could  be  largely  eliminated  through  laboratory  calibration  prior  to  the 
test . 


The  instrumentation  for  the  rotating  stage  included  significantly  fewer  thermo¬ 
couples  because  a  complex  data  transfer  and  jcauiaition  system  was  necessary.  The 
signals  were  transmitted  by  telemetry  from  difrerent  senders  at  the  turbine  end.  A 
total  of  seven  thermocouples  were  distributed  on  the  test  blade  (Fig.  9).  The  use  of 
the  pyrometer  yielded  very  valuable  results:  the  wall  temperature  at  a  particular 
surface  point  can  be  obtained  on  every  blade. 

RESULTS  AND  DISCUSSION 

First  Stage  Vane 

Fig.  10  shows  the  wall  temperatures  as  measured,  compared  with  the  design  values. 
These  values  were  computed  using  heat  transfer  coefficients  on  the  hot  gas  side  that 
were  determined  with  the  aid  of  an  Integral  boundary  layer  calculation  as  described 
In  [9].  The  transition  point  from  laminar  to  turbulent  flew  was  artificially  prescribed 
here  at  the  leading  edge  to  ensure  that  uncertainties  due  to  free  stream  turbulence 
effects  are  reliably  included.  In  addition,  the  heat  transfer  coefficient  on  the 
pressure  side  was  raised  using  empirical  values  from  previous  experiments  in  order  to 
take  into  account  the  Influence  of  the  concave  curvature  of  tlie  surface.  The  corres¬ 
ponding  heat  transfer  coefficient  d'stributlon  over  the  profile  Is  shown  in  Fig.  11. 

The  agreement  In  the  temperatures  is  remarkable  on  the  pressure  side.  On  the 
suction  side,  the  values  measured  are  slightly  lower  than  those  expected,  which  can  be 
attributed  mainly  to  an  overestimation  ol  the  heat  transfer  coefficients,  but  also  to 
the  cautious  evaluation  of  the  film  cooling  effectiveness 

Tip  “  <V‘^''ad>^(V^c> 

which  varies  from  0.24  behind  the  third  row  of  holes  to  0.03  near  the  trailing  edge.  No 
major  differences  can  be  observed  in  the  comparisons  between  base  load  and  idle  ondl- 
tions.  Within  the  range  of  operation  for  a  stationary  gas  turbine  the  influence  of  the 
Reynolds  number  seems  to  be. negligible.  Another  point  worthy  of  note  is  the  outstanding 
correspondence  of  the  measurements  on  the  two  test  vanes.  The  differences  in  wall 
temperature  at  corresponding  locations  arc  within  15’C,  thus  confirming  the  estimated 
error  from  the  preceding  section  of  this  paper.  The  pyrometer  measurement  also  falls 
within  the  same  range  of  variance.  Table  3  shows  in  a  non-dimensional  form  the  hot  gas 
and  cooling  flow  conditions  measured  along  with  these  results. 


TABLE  3;  MEASURED  COOLING  AIR  AND  HOT  GAS  DATA 
FIRST  STAGE  VANE 
DASE  LOAD  (IDLE) 
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temperature  ratio 

Tg/T^ 

1  2.1  (1.5) 

pressure  ratio  main  stream 

V^I 

1.6 

pressure  ratio  cooling  air 

V**1 

1.72 

mass  flow  ratio 

“c/"g 

0.045 

In  order  to  verily  new  design  tools,  test  computations  were  run  for  the  full  load 
test  case  using  a  finite  difference  boundary  layer  code  181 .  For  degrees  of  free  stream 
turbulence  of  SZ  and  lOZ,  calculations  were  run  using  various  transition  models  (Seyb  [11], 
Dunham  (l?.l,  Abu  Ghannatn  [131).  Fig.  11  shows  the  calculated  distributions  of  the  heat 
transfer  coefficients.  The  corresponding  vail  temperatures  are  shown  in  Fig.  12  and 
compared  with  the  measurements.  Since  the  free  stream  turbulence,  based  on  these 
computations,  has  only  a  small  effect  (Indicated  in  Fig.  11  for  the  Abu  Ghannam  model) 
and  the  result  of  calculation  according  to  Dunham  and  Abu  Ghannam  Is  practically 
identical,  ve  will  discuss  below  only  the  transition  models  according  to  Seyb  1  and 
Abu  Ghannam  2  .  In  the  mid- section  of  the  suction  side,  1  produces  expected  values 
that  are  up  to  20Z  too  high.  The  results  are  somewhat  better  proceeding  according  to  2  . 
For  both  models,  the  wall  temperatures  shortly  after  the  leading  edge  are  15Z  lower 
than  the  measurement.  The  comparison  on  the  pressure  side  is  significantly  better;  only 
in  the  zone  of  strong  concave  curvature  and  laminar  boundary  layers ,  the  values  com¬ 
puted  using  both  procedures  are  approximately  12Z  lower  than  measurement. 

The  fact  that  some  of  the  deviations  on  the  suction  side  are  large  suggests  that 
the  effect  of  the  film  cooling  is  not  handled  properly  using  correlations  based  on  fist 
place  experiments.  For  chat  reason,  the  film  cooling  effectiveness  has  been  corrected 
using  the  results  from  (l4l.  This  takes  Into  consideration  both  the  effect  of  Che 
convex  curvature  and  Che  density  ratio  from  cooling  air  to  hot  gas.  Thus,  the  reference 
film  cooling  effectiveness  behind  the  third  row  of  holes  is  increased  Co  0.4. In  addi¬ 
tion,  Che  local  heat  transfer  coefficient  is  affected  considerably  by  the  injection  of 
film  cooling  air  into  Che  laminar  boundary  layer  (IS).  An  appropriate  adjustment  was 
made,  indicated  in  Fig.  11  for  model  1  .  Ulth  suc)5  corrections,  the  measured  and 
computed  values  using  the  transition  model  according  to  Seyb  lie  within  the  margin  of 
error  for  measurement,  except  for  the  first  position  on  the  suction  side,  where  there 
is  a  deviation  of  over  15Z  (Fig.  12).  This  result  Is  confirmed  by  comparable  measure¬ 
ments  made  in  a  hot  cascade  facility  at  Che  NASA  Lewis  Research  Center  [161.  Similar 
computations  using  model  2  obviously  give  lower  wall  temperatures. 

Measurements  with  thermal  paint  confirmed  the  above  results  (Fig.  13).  However, 
without  thermocouple  measurements  the  accuracy  is  not  adequate  to  di'aw  any  conclusions 
with  regard  to  the  various  computer  models.  On  the  one.  hand,  the  main  problems  are  the 
limited  resolution  and  on  the  other  hand  the  ambient  effects  which  influence  the 
color-changing  behavior  considerably. 

Using  the  blade  with  the  separate  cooling  air  feeding  system,  the  effect  of  a 
cooling  air  mass  flow  rate  reduction  on  Che  average  cooling  effectiveness 

n-  (Tg-T„>/(Tg-T^) 

was  studied  (Fig.  14).  Agreement  between  measurements  and  calculations  is  good  and 
confirms  that  the  variation  in  the  cooling  air  flow  of  +  5Z  (due  to  manufacturing 
tolerances)  measured  in  a  cold  air  test  facility  has  no~effGct  on  the  life  time  of  the 
blade.  In  comparison  to  the  cooling  system  of  the  gas  turbine  type  9  [171,  we  were  able 
to  increase  the  cooling  effectiveness  by  more  than  60Z. 


First  Stage  Blade 

The  comparison  between  measurement  and  design  Is  shown  in  Fig.  15,  analogous  to 
that  for  the  vane  (flow  conditions  see  Table  4).  The  agreement  is  better  than  for  the 
vane  on  both  the  suction  and  the  pressure  side  although  unsteady  effects  due  to  wakes 
from  Che  upstream  blade  row  and  the  Influence  of  rotation  were  not  taken  into  consider¬ 
ation  In  Che  prediction  of  the  blade  heat  transfer  on  the  hot  gas  and  coolant  side. 
However,  with  the  small  number  of  points  measured,  a  more  exact  analysis  is  impossible, 
although  we  were  able  to  attain  a  very  small  margin  of  error  in  measurements  of  +  3Z. 
The  average  cooling  effectiveness  is  approximately  0.4. 


TABLE  A:  HEASURF.D  COOLING  AIR  AND  HOT  GAS 
FIRST  STAGE  BLADE 

BASE  LOAD  (IDLE) 

DATA 

temperature  ratio 

2.0  (l.A) 

pressure  ratio  main  stream 

1.27 

pressure  ratio  cooling  air 

1.24 

mass  flow  ratio 

0.025 

The  temperature  measured  with  the  pyrometer  is  soiiiev:Wat  lower.  Since  the  measure¬ 
ment  had  to  be  taken  through  the  first  vane,  an  influence  of  outside  radiation  from 
adjacent  walls  cannot  be  precluded.  In  this  connection,  it  has  to  be  mentioned  that  a 
precise  adjustment  of  the  pyrometer  is  essential  to  obtain  reliable  results.  For  these 
tests,  an  external  focusing  system  allowed  a  continuous  change  of  the  pyrometer  a. 'gn- 
ment.  Nevertheless,  this  measuring  procedure  is  better  suited  to  demonstrating  di'  er- 
ences  between  individual  rotating  blades.  Fig-  16  shows  the  results  for  all  the  l-adcs 
in  the  first  rotating  row.  The  small  temperature  variation  is  caused  by  manufacturing 
tolerances  and  has  no  effect  on  the  service  life  of  the  individual  blades. 


CONCLUSIONS 

Extcnsiv,.  temperature  measurements  in  the  type  8  gas  turbine  have  demonstrated  the 
operational  reliability  of  all  cooled  components.  The  procedure  used  for  design,  which 
is  supported  to  a  large  extent  by  operating  cxoerlct;ce,  proved  to  be  dependable. 

Due  to  the  high  level  of  measurement  accuracy  and  the  fact  that  most  of  the 
boundary  conditions  were  measured  during  the  tests  or  at  least  checked  In  model  and 
cold  air  experiments,  it  was  possible  to  show  on  two  test  vanes  and  blades  Chat  new 
computer  codes  can  yield  very  good  results  in  the  area  of  turbulent  boundary  layers. 

In  the  specific  case  of  Che  first  stage  vane,  the  transition  model  according  to  Seyb 
produced  Che  closest  agreement  provided  such  parameters  as  wall  curvature,  momentum 
flux  ratio,  density  ratio,  etc.  are  taken  Into  account  In  the  correlation  for  the 
film  cooling  effectiveness.  Greater  deviations  occur  both  on  the  suction  and  on  the 
pressure  aide  for  laminar  and  for  transitional  boundary  layers.  For  that  reason,  a 
further  development  of  the  present  boundary  layer  code  with  regard  to  real  turbo- 
machinery  conditions  is  indispensable.  In  addition,  further  film  cooling  experiments 
.ire  needed  in  order  to  obtain  better  documentation  .for  an  extended  range  of  the  influ¬ 
encing  parameters.  This  confirms  the  comment  made  In  the  introduction:  using  the  design 
tools  available  today,  a  time-consuming  and  expensive  re-checking  in  the  machine  itself 
is  still  necessary  to  find  the  optimum  regarding  blade  life  time  and  cooling  air 
consumption . 

Among  the  methods  used  for  the  temperature  measurements,  thermocouples  and  pyro¬ 
meters  proved  to  be  suitable  for  this  type  of  Investigation.  Although  the  hot  gas  side 
heat  transfer  coefficient  can  be  determined  only  within  +  lOZ  at  best,  the  great 
differences  between  laminar  and  turbulent  flow  can  still  be  identified.  In  contrast  to 
these  techniques,  measurements  with  thetrmal  paints  can  be  used  only  to  a  limited 
extent.  On  the  one  hand,  parameters  such  as  fuel  and  surface  quality,  or  the  condition 
of  the  ambient  air,  have  a  great  Influence  on  the  results  since  they  can  cause  erosion 
or  color  changes  of  Che  thermal  paint  and  transition  or  separation  of  the  boundary 
layer.  On  the  other  hand,  the  resolution  of  the  test  results  is  not  fine  enough. 
However,  used  together  with  thermocouples,  they  moke  it  possible  to  measure  the  tem¬ 
perature  distribution  over  fairly  large  wall  surfaces  at  a  low  cost, 
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DISCUSSION 


J..I.Willon,  UK 

Did  your  tiicthiKl  of  ll)criiUH.'ouplu  atUicluuum  allcr  ihc  hkidc  surface  rouglincss'?  Can  you  quolc  Uic  roughness? 
Author’s  Reply 

Since  all  Ihcnnoconpic  grooves  were  first  filled  with  brazing  material  and  then  gKilind  over,  there  was  little  effect  on  the 
surface  roughness.  The  ci|uivalenl  sand  grain  roughness  for  case  surface  is  in  the  order  of  6—  I  Oum, 


(i.M.Uibcliiis,  Ge 

You  metitioiied  the  pyrotnctric  inctisurcinenl  of  the  metal  temperature  of  the  first  stage  moving  blades.  In  that 
eoiincction  I  would  like  to  ask  the  following  questions: 

1 .  Have  you  ex|x;rienccd  any  fouling  of  the  optical  sy.stem  considering  the  relatively  long  testing  period  of  the 
turbine,  or  what  hits  hceii  done  for  avoiding  fouling? 

2.  What  was  the  effect  of  changes  of  the  blade  surface  for  intance  by  deiw.siis? 

,1.  Do  you  have  any  suggestions  in  ease  pyrometric  tcmpcrauirc  measurement  will  be  used  for  control  instead  of  the 
turbine  e.xit  thermocouples? 

Author's  Reply 

The  optical  system  was  checked  after  each  lest.  During  normal  operation,  the  lens  surface  wi,s  always  clean  because  the 
probe  was  specially  arranged  to  avoid  hot  gas  contact.  Nevertheless  it  cannot  be  ruled  nut  that  the  problem  may  become 
more  imporiaiit  burning  a  different  type  of  fuel. 

Atmospheric  dust,  fuel  ash  or  additives  can  form  deposits  on  the  blade  surface.  Their  influence  on  the  pyrometer  results 
is  not  only  due  to  (he  change  in  emissivity  but  can  also  be  due  to  the  thermal  barrier  effect  of  (he  deposit.  Special  tests 
showed  temperature  variations  of  up  to  ±30‘C. 

Ilefttre  using  a  pyrometer  for  control  purposes,  the  problems  mentioned  above  have  to  be  solved.  Additional  effects, 
such  tus  hot  gas  Iciiipciature  distiibutioii,  variations  in  the  blade  cooling  system  and  reflections  from  the  first  stage  vane, 
will  have  to  be  studied  in  detail. 
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SUMMARY 

This  paper  describes  a  series  of  heat  transfer  experiments  to  verify  the  theoretical  prediction  techniques 
adopted  for  the  design  of  shell-spar  cooled  turbine  vai~e<r  and  blades. 

Tests  were  performed  on  flat  plate  specimens  representing  a  wide  range  of  channel  geometries.  Each 
specimen  was  installed  In  one  wall  of  a  test  section  downstream  of  a  combustor  which  was  run  at  various 
operating  temperatures. 

A  recommended  design  approach  was  formulated  from  analysing  the  results. 

The  potential  of  shell-spar  cooling  applied  to  industrial  gas  turbines  is  discussed. 


A  =Area 

Cp  =  Specific  Heat  at  Constant  Pressure 
D  =  Duct  Diameter 
f  =  Friction  Factor 
h  =  Heat  Transfer  Coeffic'.uiu 
k  =  Thermal  Conductivity 
M  =Mach  Number 
P  =  Pressure 

Pr  =  Prandtl  Number  ( =  Cpp/k) 

R  =  Universal  Gas  Constant 
S  =  Perimeter 
T  •-=  Temperature 
V  =  Velocity 
W  =  Mass  Flow 

W*  =  Cooling  Flow  Function  [  =  WCpc/iioAo] 

X  =  Distance  along  Channel  or  Surface 
y  -Ratio  of  Specific  Heats 
p  =  Density  a  -  a 

t  ^Cooling  Effectiveness  [  =  (Tg — Tmo)/(Tg— Tc,l] 
Ho  =Cooling  Efficiency  [=ITcj— Tci)/|Tmo — Tci)] 
p.  =  Viscocity 

k  =  Length  of  Unheated  Starting  Section 


Subscripts 
Pertaining  to: — 
c  =  Coolant 
=  Gas 

Mean  hydraulic 
=  Intornel  surface 
=  Metal 

=  Outer  surface 
==  Total  Stagnation 
=Wall 
=  Inlet 
=  Exit 

Free  Stream 


Superscripts 

—  =  Average  Value 
A  =  Peak  Value 
*  =  Non-dimensional 


1.0  INTRODUCTION 


The  latest  designs  of  industrial  gas  turbines  have  cooled  vanes  as  complex  as  their  in  service  aero^engine 
counterpails.  Fig.  1  shows  a  typical  first  stage  vane  which  includes,  twin  inserts,  impingement  and  film  cooling, 
and  banks  of  pedestals  in  the  trailing  edge  region.  This  vane  uses  compressor  discharge  air  as  coolant. 

This  paper  is  concerned  with  large  industrial  gas  turbines  of  outputs  exceeding  30  MW.  Over  80%  of  these 
engines  are  run  continuously  at  full  load  conditions  and  yet  vane  and  blade  lives  are  expected  to  exceed  30,000 
hours.  In  addition  theturbine  aerofoils  are  at  least  double  the  size,  seefig,  2,  (and  hence  wall  thickness)  of  the  large 
aero-engines.  These  factors  limit  the  effective  burner  outlet  temperature  (BOT)  of  these  industrial  engines  to 
around  1500K,  whereas  aero-engines  using  this  vane  cooling  technology  have  run  successfully  at  BOT's  far  in 
excess  of  1650K.  Admittedly  industrial  engines  free  of  weight  restrictions  can  use  coolants  which  would  increase 
the  BOT  such  as  cooled  compressor  air,  steam,  water,  etc;  although  air  direct  from  the  compressor  is  by  far  the 
most  convenient. 

As  part  of  a  joint  Electrical  Power  Research  Institute  (EPRI),  Allison  Division  of  General  Motors,  (Allison)  and 
Westinghouse,  programme;  a  shell-spar  cooled  vane  design  was  being  developed  which  would  enable  BOT's  in 
excess  of  ISOOKto  be  realised  using  compressor  discharge  air.  Thisdesignasshown  onf  ig.  3  (extracted  from  ref.  1) 
enabled  more  efficient  heat  transfer  by  using  a  low  effective  wall  thickness  whilst  maintaining  the  mechanical 
integrity  of  existing  designs.  This  was  achieved  by  means  of  a  hollow  investment  cast  structural  spar  with 
chordwise  cooling  channels  cast  in  the  outer  surface,  and  a  0.5  mm  thick  formed  sheet  shell  of  corrosion  resistant 
superalloy  diffusion  bondedtothe  spar.  The  spar  was  divided  intothreechamhers,theleadingandtrailing  regions 
supplying  air  to  the  channels  via  connecting  holes,  and  the  mid  region  acting  as  a  discharge  chamber.  Air  in  the 
leading  edge  coolant  channelswas  dumped  intothedischargechamber  from  where  it  wasejected  via  filmcooling 
holes  into  the  gas  stream  just  upstream  of  the  vane  suction  surface  throat.  The  cooling  air  in  the  trailing  edge 
channels  was  vented  at  the  vane  trailing  edge.  The  aerofoil  section  was  bonded  directly  to  inner  and  outer 
endwalls.  The  outer  endwall  was  cooled  using  the  shell  concept. 

The  major  technological  difficulty  was  concerned  with  developing  the  manufacturing  techniques  and  the 
majority  of  work  had  been  involved  with  this  activity.  To  determine  the  structural  integrity  a  number  of  tests  had 
been  carried  out  to  evaluate  LCF  behaviour.  To  validate  the  heat  transfer  and  flow  design  methods  a  test  was 
carried  out  in  the  wall  of  a  test  section  downstream  of  a  combustor  running  at  BOT's  between  1 420  and  1530K. 

This  paper  presents  the  heat  transfer  and  flow  tests  carried  out  at  Allison  on  a  number  of  flat  plate  specimens 
representing  a  typical  range  of  channel  configurations. 


2.0  DESCRIPTION  OF  TEST  SPECIMENS 

Four  flat  plate  test  specimens  shown  on  fig.  4  and  representing  the  full  range  of  cooling  configurations 
anticipated  on  the  final  aerofoil  design  were  manufactured.  The  geometries  included  3  and  5  plenum  designs, 
different  channel  lengths,  twovarietiesof  channel  flowareasand$pacings,coolantflowparallel  and  countertothe 
mainstream  flow,  and  variations  in  channel  inlet  geometry. 

Each  specimen  was  a  box  ssembly  150  x  90  x  28  mm  containing  the  plenum  supply  and  discharge  chambers 
simu'atingthespar.Thecoolingchannelswereeloxedintoonesurfacewithinletandexit  holes  drilled  through  the 
channels  to  the  appropriate  plenum  chambers  as  shown  on  fig.  5.  The  cooling  channels  were  closed  by  means  of  a 
0.5  mm  thick  plate,  representing  the  shell,  diffusion  bonded  to  the  simulated  spar.  Cooling  air  feed  and  discharge 
pipes  connecting  with  the  requisite  plenum  chambers  were  welded  to  the  specimen  rear  surface. 

Instrumentation  was  installed  in  each  specimen  to  measure  the  following  parameters. 

Gas  Stream:  •  Gas  path  total  pressure 

•  Gas  Path  total  temperature 

•  Surface  static  pressure 

Coolant:  •  Air  Temperatures  in  each  plenum 

•  Plenum  static  pressure 

•  Cavity  static  pressure 

Metal  Temperatures.  •  Surface  (15-20) 

•  Plenum  side  of  spar  simulator 

•  Plenum  divider 

Figs.  6  and  7  show  both  sides  of  a  typical  completed  specimen.  The  gas  side  on  close  examination  re'/eals  the 
surface  tiiermocouples  and  static  pressure  taps  whilst  the  reverse  side  shows  the  coolant  tubes  and  instrumenta¬ 
tion  loads. 
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3.0  TEST  FACILITY  AND  PROCEDURE 

3.1  Facility 

An  existing  Allison  combustor  rig  used  for  the  TF41  ettgine  was  modified  to  provide  a  downstream  test  section 
for  the  specimens.  Test  section  and  rig  installation  diagrams  are  shown  on  figs.  8  and  9. 

Rig  instrumentation  upstream  of  thecombustor  consisted  of  4chromel/aiumel  thermocouples,  lOtotal  pressure 
probes  and  4  static  pressure  taps.  Downstream  of  the  test  section  were  3  static  pressure  taps,  16  stein  thermocou¬ 
ples,  and  a  three-element  BOT  rake. 

3.2  Specimen  flow  calibration 

This  was  carriud  out  with  cold  air  flows  to  obtain  the  flowcharacteristies  of  the  various  cooling  circuits  at  supply 
plenum  to  ambient  pressure  ratios  from  1 .2  to  1.8.  The  cooling  circuits  are  shown  on  fig.  4  and  the  combinations 
tested  are  given  on  table  I,  for  each  specimen. 

3.3  Rig  testing 

Each  specimen  in  turn  wasinstalled  in  the  rig.The  rig  mainstream  flow  was  broughtto3.2  Kg/s  at 965  KN/m^  and 
700K.  The  specimen  coolant  flow  was  set  to  the  niaximum  value  and  adjusted  to  a  temperature  of  480K.  After 
reaching  steady  state  conditions  the  combustor  was  ignited  and  the  BOT  was  raised  slowly  to  1 530K  determined 
by  the  fuel  to  air  ratio.  The  cooling  flow  was  reduced  to  supply  plenum  to  gas  stream  pressure  ratios  of  1 .4, 1 .2  and 
1.1.  A  complete  set  of  data  was  recorded  at  each  condition. 

A  fourth  point  was  recorded  at  the  lowest  pressure  ratio  and  with  a  BOT  of  1420K. 

The  experiment  was  terminated  due  to  a  test  rig  failure  on  the  fourth  data  point  of  the  last  specimen. 


4.0  TEST  RESULTS 

Each  of  the  four  specimens  was  tested  at  four  conditions:  three  runs  at  constant  gas  path  conditions  but  with 
decreasing  cooling  air  flows,  and  one  run  at  the  lowest  cooling  air  flow  and  110  K  lower  gas  temperature.  An 
exception  to  this  test  procedure  occurred  with  Specimen  #1  (the  last  specimen  tested)  when  a  test  rig  malfunction 
terminated  the  test  series. 

All  data  collected  represent  the  averages  of  twenty  readings  taken  following  the  attainment  of  apparent 
steady-state  conditions. 

Gas  path  data  Included  gasflow  rates,  temperatures  and  pressures.  The  main  stream  flow  rate  was  maintained 
at  a  relatively  constant  level  for  all  runs.  A  typical  main  stream  Mach  number  value  was  0.4. 

4.1  Gas  Path  Data 

Gas  path  temperature  data  was  obtained  from  a  fixed  three-element  probe  immediately  upstream  of  the  test 
specimen  and  a  single-element  probe  immediately  downstream  of  the  specimen.  In  the  early  stages  of  testing,  the 
single-element  probe  was  calibrated  against  the  three-element  probe.  This  enabled  the  subsequent  removal  of  the 
three-element  probeand  its  disrupting  effect  on  gasf  low  overthe  specimen.  The  elementsof  the  upstream  probe  were 
located  at  2.5, 5,  and  7.5  mm  from  the  specimen  wall.  The  element  in  the  downstream  probe  was  located  at  5  mm  from 
the  wall.  The  probe  data  indicated  a  variation  of  only  6  K  in  the  direction  normal  to  the  wall  and  14  K  axially  along  the 
specimen.  Therefore,  the  data  from  the  aft  probe  were  used  directly  as  the  values  of  gas  path  temperature  for  data 
correlation. 

Gas  path  total  pressure  distribution  normal  to  the  wall  was  measured  using  a  three-element  probe  immediately 
downstream  of  the  specimen.  The  elements  were  located  at  2.5, 5,  and  7.5  mm  from  the  specimen  wall.  The  variation 
from  the  middle  element  to  the  other  two  was  approximately  50  mm  Hg.  This  was  considered  small  enough  to  ignore, 
thus  the  middle  element  pressure  was  taken  as  the  gas  path  total  for  all  test  runs. 

Gas  path  static  pressure  taps  placed  at  four  axial  locations  in  the  specimen  wall  sh  owed  a  very  small  variation  thus 
indicating  that  gas  path  axial  velocity  was  essentially  constant  along  the  specinren. 

4.2  Plenum  Data 

Cooling  air  temperatures  and  pressures  were  measured  at  all  plenums  along  with  cooling  air  flow  rates  at  all 
supply  plenums.  Metal  temperature  data  were  obtained  from  thermocouples  located  on  the  plenum  side  of  the 
spar.  The  plenums  are  designated  "A"  through  "E"  in  the  downstream  direction  for  five-plenum  specimens,  and 
"A"  through  "C"  for  three-plenum  specimens. 
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4.3  Suriaca  Temparature  Data 

Most  surface  temperature  thermocouples  were  located  along  a  specimen  cente'  line  over  the  center  of  a  land 
between  adjacent  channels.  At  some  locations,  surface  temperatures  were  also  measured  over  the  center  of  an 
adjacent  channel.  Each  specimen  also  included  one  asial  location  where  thermocouples  were  located  at  the 
centerline  and  also  over  lands,  at  approximately  1.5  cm  on  either  side  of  the  centerline. 

Each  thermocouple  was  applied  to  the  shell  by  laying  theindividual  leads  in  separate  .25  mm  grooves  leading  to 
a  location  at  which  the  junction  wascreated  by  laserbeam  welding  the  joined  leadstoa  .17  mm  deep  spotface  in  the 
shell  metal .  High  temperature  ceramic  cement  was  used  to  embed  the  leads  in  the  grooves  and  to  restore  the  gas 
side  surface. 

Figure  10  is  a  display  of  the  data  taken  curing  a  representative  test  run  of  Specimen  #1.  The  figure  contains  a 
sketch  of  the  specimen  to  aid  In  showing  the  axial  locations  of  the  thermocouples.  The  value  for  coolant  pressure 
ratio  displayed  In  the  figure  refers  to  the  ratio  of  the  pressure  in  Plenum  "E"  to  the  gas  path  static  pressure 
downstream  of  the  specimen.  The  other  supply  plenums  were  set  at  the  same  pressure  as  Plenum  "E".  Specimen 
#  1 1s  considered  to  have  the  higest  overall  cooling  effectiveness  of  the  four  specimens  because  of  its  five-plenum 
design  and  its  relatively  small  channel  pitch-to-size  ratio.  The  data  show  that  relatively  high  levels  of  cooling  were 
attained.  Spar  temperatures  were  approximately  200'’C  cooler  than  the  shell. 

Thedata  from  Specimen  #2,  shown  in  Figure  1 1 ,  had  the  sameplenum  configuration  as  Specimen  #1 ;  however, 
there  were  only  four  axial  groupings  of  channels.  Also,  thechaiinel  pitch-to-size  ratio  of  the  second  chaniiel  group 
was  double  that  of  theother  channels.  This  model  also  wasemnloyod'o  study  the  conduction  cooling  in  achannel 
dead  space  such  as  existed  between  Plenums  “C"  and  "D“.  As  expected,  this  configuration  showed  significantly 
lower  cooling  effectiveness  and  less  temperature  uniformity  than  aid  Specimen  #  1 ;  however,  the  surface  at  the 
dead  space  was  relatively  well  cooled. 

Theresultsofarepresentativetestrunof  Specimert  #3  are  displayed  in  Figure  12.  This  model  wascharacterized 
by  its  throe-plenum,  three-channel  configuration.  Also,  channel  cross-sectional  dimensions  were  1 .0  mm  wide  by 
0.8  mm  deep  as  compared  to  the  1.0  mm  square  channels  of  Specimens  #1  and  #2. 

Specimen  #4  differed  from  Specimen  #3  by  having  twice  the  channel  pitch-to-size  ratio  in  the  second  channel 
group.  A  typical  set  of  data,  shown  in  Figure  1 3,  illustratesthe  relatively  high  degree  of  temperature  nonuniformity 
of  this  configuration.  No  spar  temperature  data  were  obtained  from  this  model. 


5.0  DISCUSSION  OF  RESULTS 

The  purposeof  the  test  series  was  to  verify  thecuoling  capability  oftheshell-spartechnlqueandtodemonstrate 
the  ability  to  calculate  temperature  distribution  in  the  structure.  The  epproach  to  compare  test  data  to 
temperature  distributions  derived  from  two-dimensional  finite  element  models  of  the  specimens.  A  three- 
din  trnsional  finite  element  model  was  constructed  of  one  specimen  to  verify  the  accuracy  of  the  two-dimensional 
modelling  technique. 

The  two-dimensional  finite  element  model  on  Figure  14  illustrates  a  five-plenum  specimen.  The  sections 
modelled  were  taken  in  the  longitudinal  direction,  normal  to  the  shell  surface,  passing  through  the  middle  of  a 
channel.  The  elements  used  were  four-sided  with  single  mid-side  nodes.  The  computer  code  contained  a 
discontinuous  element  feature  which  enabled  the  simulation  of  the  correct  convection  heat  transfer  areas  of  the 
cirannels  in  the  direction  normal  to  the  model  even  though  conduction  in  that  direction  was  neglected ;  however, 
conduction  areas  in  the  other  two  directlorts  were  correct.  The  resulting  two-dimensional  analyses  produced 
average  temperature  in  the  transverse  direction,  it  will  bo  shown  later  that  temperature  differences  in  the 
transverse  direction  were  smaM;  thus,  the  two-dimensional  modelling  technique  was  valid. 

5.1  Gas  Temperatures 

As  described  in  the  previous  section,  gas  temperature  values  were  taken  to  be  those  which  were  measured  by 
the  downstream  single-element  probe  located  5  mm  off  the  specimen  surface.  Errors  in  thermocouple  readings 
could  have  resulted  from  conduction  or  radiation  effects.  The  probe  was  uncooled  and  of  considerable  length  so 
that  conduction  error  was  determined  to  be  Insignificant.  Radiation  error  was  estimated  to  be  0.5%  and,  therefore, 
was  also  considered  to  be  insignificant.  These  considerations  led  to  the  conclusion  that  the  aft  probe  produced 
true  gas  temperature  values. 

5.2  Cooling  Air  Temperature 

Coolant  temperatures  were  measured  in  thesupply  plenums.  Local  coolingairtemperatures  in  thefeed  and  exit 
holes  and  along  the  channels  were  determined  by  a  heat  balance  calculation  within  the  finite  element  program 
using  the  supply  plenum  temperatures  as  the  initial  values. 


15-5 


5.3  Gas  Side  Heat  Transfer 


The  calculation  of  hot  side  convective  heat  transfer  coefficients  was  b(i<;ed  on  the  correlation  for  developing 
turbulent  flow  over  a  flat  plate  with  constant  free  stream  velocity^ 


hg  -  0,0295 


(1) 


Since  the  transition  duct  leading  to  the  test  specimen  was  not  cooled  to  the  same  low  level  as  the  specimen,  it  was 
necessary  to  correct  for  this  effect.  Since  the  transition  temperature  distribution  was  not  well  defined,  a 
modification  to  equation  (1)  was  employed  assuming  an  unheated  starting  length.  The  correlation  for  unheated 
starting  length  suggested  by  Kays’  applied  to  equation  (1)  produces: 

hg  =  0.0295  k„  /pflV,  Pr 

X  \  p.  ; 


Equation  (2)  applies  to  fluids  with  constant  properties.  In  order  to  account  for  the  variation  of  the  transport 
properties  with  temperature  through  the  boundary  layer,  a  property  ratio  correction  suggested  by  Kays’  for  flow 
being  cooled  produces  the  final  form  for  the  hot  side  heat  transfer  coefficient  calculation: 


where  X  is  measured  from  the 
isentropic  flow  relationship: 

•’x 

M  RT, 


upstream  edge  of  the  transition  duct.  Mass  velocity  was  calculated  from  the 


M _  'Y  +  1 


(4) 


and  Mach  number  was  obtained  from: 


(5) 


The  values  for  P,  and  Tt  were  taken  as  those  read  from  the  total  pressure  and  temperature  probes  located 
downstream  of  the  specimen  at  5  mm  from  the  specimen  surface.  Static  pressure  was  taken  to  ba  the  average  of 
tire  four  static  pressure  taps  located  in  the  surface  of  the  specimen. 

5.4  Coolant  Heat  Transfer 

The  basic  equation  used  for  heat  transfer  inside  a  duct  was; 


which  was  employed  directly  to  calculate  heat  transfer  within  the  feed  and  exit  holes,  but  was  modified  for  the 
channelstoincludetheeffectsoftemperaturedependenifluid proper  es, surface roughnessandentranueeffects. 
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The  inotlification  for  temperature  dependent  fluid  properties  employed  the  temperature  ratio  method  usmy  the 
coefficient  suggested  by  Kreith^  tor  flow  being  heated.  The  right  side  of  equation  (6)  was  thus  multiplied  by  the 
factor: 


(7) 


The  surface  roughness  effect  was  accommodated  by  a  factor  suggested  by  Nunner"*  applied  to  equation  (6): 


f  rough 
f  smooth 


(8) 


where  the  friction  factors  were  obtained  from  a  Moody  diagram.  The  effects  represented  by  equations  (7)  and  (81 
when  applied  to  equation  (61  produce: 


h,.  =  0.021 
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(9) 


A  correction  for  entrance  effect  was  necessary  to  account  for  the  fact  that  heat  transfer  is  higher  there  than  in  the 
fully  developed  region  further  downstream.  The  entry  to  the  channels  was  considered  to  be  typified  by  a  right 
angle  turn  formed  by  the  entry  hole  and  the  channel.  The  entrance  effect  used  here  was  obtained  from  Figure  9-1 1 
of  (2)  which  displays  the  effects  due  to  many  different  entrance  configurations.  The  factors  thus  obtained  from  the 
reference  figure  were  applied  to  equation  (9). 

Heattransferwithinthoplenumswasconsideredtoberepresentedbythecorrelation  for  laminar  flow  over  a  flat 
plate: 


hp 

0.323 


X 


(10) 


The  supply  and  discharge  tubes  were  located  off  the  specimen  centerlines,  therefore,  the  flow' in  the  plenums  was 
assumed  to  be  transverse  to  mainstreamflow.  Atthecenterline  of  the  model,  theflow  in  the  plenum  was  assumed 
to  be  one-half  the  total  plenum  flow.  The  value  of  "X"  was  taken  to  be  one-half  the  plenum  width  in  the  transverse 
direction. 

5.5  Cooling  Flow  Rato 

Anaccurateknowledgeofthecoolingflowrateineachofthcchannelgroupswasnecessaryfort.iecalculntionof 
heat  transfer  coefficients.  During  each  test  run,  thetotal  cooling  flowtoeach  of  the  supply  plenums  was  measured. 
However,  since  many  of  the  plenums  supplied  more  than  one  channel  group,  it  was  necessary  lo  analytically 
model  the  cooling  flow  circuits  so  that  individual  flow  rates  could  br>  determined  for  all  test  conditions.  The 
modelling  was  based  on  the  cold  flow  tests  in  which  the  individual  >.hannel  groups  were  flowed  separately  (Table 
I).  The  models  accounted  for  channel  inlet  and  exit  effects  and  also  allowed  lar  the  influences  of  temperature, 
pressure  and  Reynolds  number  variations.  Ir  general,  good  agreement  vas  obtained  with  flow  measurements 
during  the  test  runs.  Total  calculated  flows  for  the  models  were  generally  w  hm  four  percent  (4%)  of  the  total 
measured  flow  with  the  worst  test  run  calculation  result  being  within  ter  lercent  (10%). 

5.6  Comparison  of  Measured  and  Calculated  Temperatu'.cs 

Plots  cf  the  calculated  temperature  distributions  of  the  two -dimensional  models,  alongwith  thecorreipiui'ding 
tes*  data,  are  displayed  in  Figures  15  through  16. 
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The  temperature  plot  for  Specimen  #1  is  shown  in  Figure  15.  The  surface  temperature  distribution  shows  a 
relatively  good  agreement  with  the  data  except  along  the  aft  channel.  This  may  be  a  result  of  the  distortion  of  the 
test  rig  ducting  which  forced  termination  of  testing  shortly  after  this  run.  Another  possible  contributor  to  this 
discrepancy  trtay  have  beet'  the  fact  that  the  cold  flow  data  showed  the  aft  channelsto  be  flowing  at  approximately 
one-half  the  rate  expected.  It  is  also  noted  that  the  calculated  spar  temperatures  in  this  specimen,  as  well  as  the 
other  specimens,  were  significantly  higher  than  the  test  data.  The  method  described  previously  for  calculating 
plenum  side  heattransfer  may  beguestioned  since  the  flowpatternswithintheplenums  was  not  well  defined.  Also, 
the  instrumentation  might  have  been  inadequateto  study  the  sparcooling  condition.  It  is  noted,  however,  that  flow 
within  the  test  plenums  differed  from  that  which  would  occur  in  an  actual  aerofoil;  i.e.,  test  flow  entered  or  exited 
the  plenums  through  the  walls  opposite  from  the  shell  surface,  whereas  plenum  flow  in  an  aerofoil  would  be 
supplied  or  exhausted  in  a  direction  transverse  to  the  channels.  Therefore,  the  heat  transfer  within  an  actual 
aerofoil  plenum  is  likely  to  differ  from  that  of  the  test  specimens,  It  is  also  feitthat  the  primary  investigation  effort  of 
predicting  sheli  surface  temperatures  is  not  affected  to  a  large  degree  by  plenum  side  heat  transfer. 

The  comparative  results  for  Specimen  #2  are  shown  in  Figure  16.  Surface  ;:>mperatiire  correlation  appears  to  be 
very  good.  One  point  of  interest  is  the  relative  low  level  of  cooling  in  the  second  channel  group  where  the  channel 
spacing  was  twice  that  of  the  other  channels.  Another  poin!  to  note  is  the  surface  temperature  prediction  accuracy 
at  the  location  of  the  dead  space  between  plenums  "C"  and  "0". 

The  results  of  the  camparisons  of  the  threo-plenum  configurations  are  displayed  in  Figures  1 7  and  1 8.  As  in  the 
other  specimens,  the  surface  temperature  agreement  appears  to  be  very  good.  It  is  noted  that  no  spar  temperature 
data  was  obtained  from  Specimen  #4.  The  essential  difference  to  be  noted  between  the  results  of  the  two  models  is 
the  relatively  diminisned  cooling  in  the  middle  group  of  chanels  of  Specimen  #4  caused  by  the  spacing  being  twice 
'hat  of  Specimen  #3. 


5.7  Comparison  Of  Two  And  Thraa-Oimensional  Finite  Ffement  Models 

As  a  check  on  the  analytical  accuracy  of  the  two-dimensional  finite  element  technique,  a  three-dimensional 
finite  element  model  of  Specimen  #3  was  constructed  as  shown  in  Figure  1 9.  The  model  represented  a  section  of 
the  specimen  covering  one  full  channel  width  plus  a  half  land  width  on  either  side  of  the  channel.  Thecomparative 
results  for  a  pai  ticular  section  of  the  specimen  are  displayed  in  Figure  20,  It  is  noted  that  the  three-dimensional 
results  show  the  transverse  temperature  variation  on  the  shell  surface  to  be  very  small.  Furthermore,  the 
agreement  between  the  relative  temperatures  of  shell  surfaces  of  the  two  models  is  also  very  good. 

Figure  21  illustrates  an  overall  comparison  among  the  data  and  the  results  of  the  two-dimensional  and 
three-dimensional  analyses  for  Specimen  #3.  Thedisplay  supports  the  validity  of  the  two-dimensional  modelling 
techniques. 


6.0  CONCLUSIONS 

The  shell-spar  technique  was  conceived  to  deal  with  the  problem  of  large  conductivity  losses  in  highly  cooled 
turbine  aerofoils.  By  transferring  the  load  bearing  structure  away  from  the  external  aerofoil,  the  wall  car  '.^e  made 
thinner  thus  reducing  temperature  differences  across  the  material.  The  small,  closely  spaced  channels  beneath 
the  shell  provide  a  large  surface  area  advantage  for  the  cooling  medium.  The  results  reported  herein  have 
demonstrated  the  viability  of  shell-spar  cooling,  namely: 

(II  A  high  level  of  cooling  effectiveness  has  been  verified. 

(2)  The  shell  surface  temperatures  can  be  predicted  using  textbook  heat  transfer  correlations  for  the  cooling 
channels. 

(3)  Temperature  prediction  for  the  specimen  spars  was  not  good;  however,  this  is  felt  to  be  of  minor  concern 
because  the  plenum  flows  did  not  duplicate  those  which  would  occur  in  a  turbine  aerofoil.  It  shou'd  also  be 
noted  that  measured  spar  temperatures  were  lower  than  calculated. 

7.0  FUTUf'E  POTENTIAL 

The  cooling  performance  chart  for  nozzle  guide  vanes  (NGV'sl  shown  on  Figure  22  enables  various  cooling 
designs  to  be  con. pared.  The  shaded  region  denotes  where  the  majority  of  in-service  aero-engIne  designs  lie. 
Some  experimental  vanes  have  achieved  cooling  efficiencies  greater  than  120%  with  transpiration  cooled 
versions  at  even  higher  levels  of  achievement. 

Tho  evolution  of  industrial  coolod  NtiV's  is  typified  by  the  W251  engine  development  from  the  early  B2  to  the 
latest  B9/10  version  (figure  1).  Hereasteady  imnrovement  in  cooling  perfurmancomaybesnenvahtheBO/IONGV 
design  being  within  tho  shaded  aero-engine  region. 

The  shell-spar  design  (figure  3)  shows  a  further  improvement  in  performance  which  at  the  existing  W2S1 B9/10 
Vane  Metal  temperatures  would  allow  an  increase  of  over  100  K  in  firing  temperature.  The  basic  shell-spar  concept 
is  at  an  early  stage  of  development.  Even  greater  improvements  in  performance  are  possible  with  the  introduction 
of  standard  haat  transfer  augmentation  devices  such  as  impingement  and  increased  film  cooling. 
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FIGURE  1  W251  BIO  FIRST  STAGE  TURBINE  VANE 


FIGURE  2  COMPARISON  OF  TYPICAL  INDUSTRIAL  TO  AERO-ENGINE  FIRST  STAGE 
VANE  SIZES  W251B2  (LEFT),  TF(41)  RIGHT 
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FIGURE  5  TEST  SPECIMEN  No.  1 -COOLING  CHANNELS  PRIOR  TO 
BONDING  OF  COVER  SHEET 
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DISCUSSION 


(i.K.Androws,  UK 

Your  pitpcr  ilUislratcs  llio  potential  that  enhanced  internal  wall  ctMtIing  technit|iics  have  in  redtieing  ntetal  teinperatures. 
Yonr  test-rig  is  similar  to  the  one  we  httve  at  Leeds.  In  our  work  at  the  teiii|K't'atiires  that  yoti  operated  with  we  htive 
found  that  the  temperature  differenee  between  the  test-plate  and  the  air-eoolerl  iliiet  can  result  in  sigiiincaiit  radiant 
cooling  of  the  test-plate  and  hence  test-temperatures  that  are  ton  low.  i  would  suggest  that  yoti  should  measure  your 
duet  lemix'iattire  attd  correct  for  this  effect.  The  correction  procedure  used  at  Leeds  is  detailed  in  Ref.  1 1 ,  paper  No.2<'i. 

Aidhor’s  Kopiy 

The  duct  lettipciatiire  was  not  meastired.  I  lowever  since  the  duct  cooling  was  less  effective  thati  the  flat  plate  s|H;eimen 
cooling  schemes,  attd  that  the  cooliint  teittperature  in  the  duct  was  delivered  at  700*K  any  radiation  wouid  have  been 
front  the  duct  to  the  specimen. 
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IIBAT-FI.UX  HBASU'«BKBNTS  AND  ANALYSIS 
FOR  A  ROTATING  TURBINE  STAGS 
by 

Michael  G.  Dunn 
Physical  Sciences  Department. 

Arv i n/Calspan  Advanced  Technology  Center 
Buffalo,  New  York  1l(225 


SUMMARY 

A  measurement  and  analysis  program  is  on-going  at  Calspan  that  utilizes:  (1) 
a  Garrett  TFE  731-2  high-pressure  turbine  stage  and  (2)  a  Garrett  low  aspect  ratio 
turbine  (LART)  stage.  The  major  emphasis  of  this  program  has  been  placed  on  obtaining 
accurate  measurements  of  heat-flux  distributions  in  the  full-scale  rotating  turbine 
stage.  The  experimental  technique  being  used  is  the  short-duration,  shock-tunnel 
approach,  in  whloh  fast-response,  thin-fllro  tbermonieters  are  used  to  measure  the  surface 
temperature  histories  at  prescribed  positions  on  the  various  component  parts.  Heat- 
flux  values  are  then  Inferred  from  these  temperature  histories  using  standard  data 
reduction  procedures. 

This  paper  provides  a  summary  and  discussion  of  the  TFE  731-2  high  pressure 
turbine  results  with  particular  emphasis  on  nozzle  guide  vane  (NOV)  tip  endwall  data 
not  previously  reported.  A  significantly  more  brief  discussion  of  the  LART  stage 
instrumentation  is  also  included.  In  addition,  a  summary  discussion  of  the  experimental 
technique  and  the  associated  instrumentation  is  Included. 


LIST 

OF 

SYMBOLS 

A 

NGV  Inlet  area 

Tw 

woVd 

AT 

S 

Plow 

Function  =  - - — 

0 

To 

8 

Ho  = 

total  enthalpy 

To 

8 

H„(T) 

8 

wall  enthalpy 

Wo 

8 

Ncorr 

8 

corrected  rotor  speed. 

«o 

S 

Nphy 

s 

Nphy/VTP 

physical  rotor  speed 

X 

q(T) 

= 

heat  flux  corrected  for 
variable  thermal  properties 

Xt 

S  = 

of  the  pyrex  substrate 
distance  on  endwall  measured 

a 

0 

along  surface  (see  Figure  *)) 

Sj  =  distance  on  endwall  .neasured 
along  surface  from  leading  to 
trailing  edge  of  vane. 

_ _ 

(.Stanton  Number)  inlET  =  -  H„  (T)] 

INTRODUCTION 


initial  wall  temperature 
measured  surface  temperature 
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total  temperature 
coolant  temperature 
coolant  weight  flow  rate 
physical  weight-flow  rate 
local  spanwlse  distance  (.see 
Figure  l|) 
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(see  Figure  4) 
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The  efficiency  of  gas  turbine  engines  is  influenced  by  the  maximum  turbine 
inlet  temperature,  and  the  performance  improvements  that  can  be  realized  by  increases 
in  this  parameter  are  significant.  Such  increases  are  limited  by  het  section  heat- 
transfer  considerations.  For  this  reason,  many  contemporary  research  efforts  are  aimed 
at  achieving  a  better  understanding  of  the  flow  and  heat  transfer  in  the  combustor  and 
turbine  .‘.ectlons. 


One  such  program  is  ongoing  at  Calspan,  the  major  emphasis  being  placed  on 
making  accurate  measurements  of  heat-flux  distributions  in  a  full-scale  rotating  turbine 
stage.  However,  to  better  understand  these  data,  many  other  measurements  are  required 
in  addition  to  heat  flux.  The  experimental  technique  being  used  is  the  short-duration, 
shock-tunnel  approach,  for  which  a  shook  tube  is  used  to  create  a  reservoir  of  shock- 
processed  test  gas,  a  portion  of  which  is  subsequently  passed  through  the  turbine  stage. 

One  major  advantage  of  the  short-duration  technique  is  the  ability  to  duplicate 
an  operating  point  on  the  turbine  performance  map  (Nporr  ^^d  flow  function)  but  the 
tir::t  for  which  the  instrumentation  is  subjected  to  this  environment  is  very  short, 
l.e,,  on  the  order  of  20  milliseconds.  Because  of  this  short  exposure  time,  the  metal 
portions  of  the  stage  remain  essentially  at  room  temperature  thus  making  the  structural 
problems  associated  with  the  experiment  less  severe  than  they  might  be  otherwise.  The 
experimental  technique  has  the  flexibility  to  also  duplicate  the  engine  environment 
values  of  T,^/Tp,  Tq/Tq  and  Nc^^engine* 

The  short-duration  technique  is  well  suited  to  studying  the  interaction  of 
rotor  blades  with  stator  vanes,  which  is  becoming  of  importance  to  designers  of  gas 
turbine  engines.  In  general,  it  is  difficult  to  obtain  full-stage  measurements  of 
this  interaction  for  a  particular  point  on  the  operating  map.  Within  .he  past  ten 


years,  high  sampling  frcquenoy  wave  form  recorders  have  made  it  possible  to  obtain 
Instantaneous  heat-flux  data  at  preaoribed  positions  on  a  rotor  blade  while  this  rotor 
blade  is  traversing  the  NOV  exit  passage.  A  measurement  program  Investigating  this 
interaction  has  been  in  progress  at  Calspan  for  several  years. 

Many  results  obtained  at  Calspan  using  the  Garrott  TFE  731-2  HP  engine 
hardware  and  experimental  techniques  noted  above  have  been  reported  in  the  literature. 
The  first  of  these  (1)  described  the  flow-establishment  process  within  the  model 
containing  the  turbine  hardware  and  the  results  of  total  temperature  and  pressure 
measurements,  which  confirmed  that  the  gasdynamic  behavior  of  the  flow  within  the  model 
was  as  designed,  The  second  (2)  reported  detailed  heat-flux  results  obtained  at  many 
locations  within  the  notizle  guide  vane.  The  geometry  used  in  (2)  was  a  180  deg  sector 
of  inlet  guidevanes  (NGV's),  but  without  a  downstream  rotor.  Turning  vanes  were  placed 
downstream  of  the  nozzles  to  remove  a  substantial  portion  of  the  flow  turning  Introduced 
by  the  nozzles.  The  third  paper  in  this  series  (3)  included  heat-flux  measurements  for 
a  full  360  deg  section  of  NGV's  and  the  associate  downstream  rotor  in  order  to  obtain 
full-stage  data.  The  full-stage  heat-flux  results  for  the  inlet  nozzle  were  used  to 
calculate  a  Stanton  number  and  the  results  were  compared  with  the  previous  (2) 
men  urements  obtained  with  an  inlet  nozzle  in  the  absence  of  the  rotor.  The  comparisons 
p  "“cnted  in  (3)  suggested  that  the  rotor  can  have  an  upstream  influence  on  the  boundary- 
I.'.,  ;--  development  on  the  NGV  airfoil  for  a  vane  row  with  a  subsonic  exit  Mach  Number. 

In  (‘O,  the  initial  I80  deg-secLor  data  were  compared  with  the  predictions 
obtained  using  a  flat-plate  correlation,  a  two-dimensional  parabolic  boundary  layer 
code  (STANS),  and  a  three-dimensional  viscous  code  (NANCV  I).  The  measurements  obtained 
for  the  rotor  blade  were  later  compared  (5)  with  the  predictions  of  ( M) .  In  addition, 
the  comparisons  earlier  presented  in  (l|)  were  updated  to  correct  the  heat-flux  data 
for  temperature  variations  in  the  thermal  properties  of  the  substrate. 

The  results  of  a  measurement  program  intended  to  obtain  Stanton  number 
distributions  for  the  vanes  and  endwall,  the  rotor  blade,  the  blade  tip,  the  blade 
platform,  and  the  shroud  for  which:  (a)  the  rotor  speed  and  flow  function  were 
representative  of  typical  engine  values  and  (b)  the  ratio  of  wall  temperature  to  gas 
total  temperature ,  T^/Tq,  was  set  at  values  of  0.21,  0.33  ,  and  0.53  were  reported  in  (6) . 

H»at-flux  measurements  in  the  presence  of  vane  trailing  edge  cooling  and 
with  the  rotor  present  versus  being  replaced  with  stationary  flow  straighteners  for 
representative  operating  conditions  were  reported  In  (7).  The  full-stage  versus  NOV- 
only  results  were  performed  for  essentially  identical  Inlet  conditions  and  were 
consistent  with  the  results  earlier  reported  in  (3)  for  the  same  turbine  hardware  but 
at  significantly  different  operating  conditions. 

A  detailed  description  of  the  instrumentation  and  data  recording  techniques 
currently  In  use  at  Calspan  in  the  performance  of  gas  turbine  related  research  in 
short-duratloii  facilities  is  given  in  (8).  By  short-duration  Is  meant  total  test  times 
on  the  order  of  20  milliseconds  with  the  requirement  of  sampling  rates  In  the  rnnge  of 
20  kHz  to  2  MHz.  Typical  data  records  are  Included  In  (8)  to  illustrate  the  application 
of  the  techniques. 

Predictions  made  by  using  two  different  analytical  techniques  have  been 
compared  (6)  with  the  data  presented  here.  The  technique  applied  most  extensively  has 
been  the  Turbine  Design  System  (TUS)  (9)  In  use  at  the  Air  Force  Aero  Propulsion 
Laboratory.  This  system  incorporates  an  axlsymmetrlo  throughflow  solution,  a  blade- 
lo-blade  solution  found  by  a  streamline-curvature  method,  and  a  flat-plate  prediction 
of  the  heat  transfer  rate  based  on  the  local  pressure  and  velocity  conditions.  These 
conditions  were  also  used  as  Inputs  to  the  Caugler  modification  of  the  STANS  code  (10), 
to  generate  heat-transfer  rate  predictions. 

Many  different  facilities  are  currently  being  used  to  perform  turbine  related 
studies.  These  Include  the  long  run-time  cascade  facilities,  such  as  those  used  by 
Blair  (11),  Grazlanl  et  al.  (12),  and  Hylton  et  al.  (13),  and  the  low-speed  rotating  rig 
of  Bring  (IM).  Other  groups  have  used  short-durat.'.on  facilities  sinilar  to  that  used 
in  the  present  study.  Louis  (15, 16)  has  used  thin-film,  heat-transfer  gages  to  obtain 
heat-flux  measurements  on  turbine  components  with  a  blow-down  facility  as  the  source 
of  test  gas.  Jones,  Schultz  et  al.  at  Oxford  University  (17-20)  have  also  used  thin- 
film  heat-transf er  gage  techniques,  with  a  light  piston  facility  as  the  supply  of  test 
gas. 


This  paper  will  deal  In  the  main  with  measurements  obtained  for  the  full- 
stage  TFE  731-2  HP  rotating  turbine  with  particular  emphasis  on  reporting  much  more 
extensive  NGV  tip  endwall  data  than  were  previously  available.  For  completeness,  tl'i, 
previously  reported  vane  and  rotor  measurements  are  also  included.  This  paper  aluo 
includes  a  brief  discussion  and  several  photographs  of  heat-transfer  instruinentatloa 
used  for  the  recently  coapiotf'd  full-stage  low  aspect  ratio  turbine  (LAST)  measurement 
program. 

APPAPATU.T 


A  schematic  of  the  experimental  apparatus  is  shown  in  Figure  1  along  with  a 
typical  x-t  diagram.  The  shook  tunnel  consists  of  a  driver  tube,  a  double  diaphragm 
section,  a  driven  tube,  a  primary  nozzle  and  a  test-section  device  which  houses  the 


16-3 


turbine  stage.  In  order  to  Initiate  an  experiment,  the  test  section  Is  evacuated,  the 
driver,  the  double  diaphragm  section,  and  the  driven  tube  are  pressurized  to 
predetermined  values.  The  rotor  la  brought  up  to  the  predetermined  speed  at  which  time 
the  double  diaphragm  region  is  rapidly  evacuated  causing  the  upstream  dluphragm  to 
burst  Immediately  followed  by  bursting  of  the  downctream  diaphragm.  The  incident  shock 
wave  forms  in  the  driven  tube  and  subsequently  reflects  from  the^hook  tube  enduall 
resulting  In  a  supply  of  reflected-shock  processed  gas  (conditlon(^ln  Figure  1).  The 
specific  heat  ratio  and  speed  of  sound  of  the  driver-tube  gas  are  adjusted  prior  to 
running  so  that  the  impedance  across  the  interface  is  nearly  matched  resulting  in  a 
tailored- interface  condition  ( 21) ,  thereby  Inc.-easlng  the  duration  of  uniform  conditions 
in  the  reflected^hock  region.  This  reflected-shock  processed  gas  is  expanded  in  the 
primary  nozzle,  (T),  so  that  the  total  pressure  downstream  of  the  standing  shock  wave  can 
be  baliored  to  the  desired  HGV  inlet  conditions.  At  the  predetermined  loeafcion  in  the 
expansion,  a  portion  of  the  flew  is  intercepted  by  the  teat  sect^  device.  A  normal 
shock  forms  outside  the  model  giving  the  desired  oonditions,  ,  approaching  the 
turbine  stage  Inlet  guide  vanes  (NGVs).  The  flow  control  nozzl^is  used  to  set  the 
pressure  ratio  across  the  turbine  stage.  If  the  HGV  operates  at  a  aubsonio  exit 
condition,  then  the  flow  control  nozzle  also  establishes  the  weight  flow  rate. 

The  shook-tunnex  facility  described  above  provides  a  clean,  uniform,  and 
well-known  gas  dynamic  condition  at  the  inlet  to  the  NGVs.  The  experimental  technique 
Vs  not  intended  to  duplicate  every  known  parameter  important  to  turbine  heat-transfer 
studies,  but  the  Intent  is  to  have  the  flow  conditions  sufficiently  well  known  and 
enough  parameters  duplicated  so  that  the  measured  heat-flux  distributions  can  be  used 
to  validate  and  improve  confidence  in  the  accuracy  of  full-stage  design  data  and 
predictive  techniques  under  development.  Several  different  types  of  measurements  must 
be  obtained  in  order  to  provide  this  information.  The  primary  measurement  is  heat- 
flux  which  is  obtained  using  platinum  thln-film  gages.  These  gages  can  be  made  in 
many  sizes  and  shapes  depending  upon  the  particular  portion  of  the  turbine  stage  for 
which  one  is  interested  in  obtaining  data,  l.e.,  the  button  gage,  the  leading  edge 
gage,  contoured  strip  gages,  or  stagnation-point  gages.  Pressure,  votal  temperature, 
rotor  speed  history,  and  tip  clearance  are  other  parameters  that  are  routinely  measured 
In  these  experiments. 

A  photograph  of  a  typical  button-type  heat-flux  gages  used  In  this  work  was 
taken  through  a  Leltz  microscope  and  is  shown  In  Figure  2.  The  thln-film  gages  are  made 
of  platinum  (~1000A  thick)  and  are  painted  on  a  pyrex  substrate  9.7  x  10”**m  (0.04  in.) 
in  diameter  in  the  form  of  a  strip  approximately  1.0  x  10‘''l-o  (0.004-lri.)  wide  by  about 
5.1  X  10~^-m  (0.02-ln)  long.  In  building  these  gages,  the  Intent  is  to  obtain  a  gage  with 
a  room  temperature  resistance  on  the  order  of  50  to  100(2  .  The  thickness  of  the  pyrex 
suostrate  depends  upon  the  gage  location.  Those  gages  located  in  the  NQV  trailing  edge 
and  near  the  rotor  blade  trailing  edge  are  approximately  3*8  x  10"’-m  (0.015-ln.)  thick 
but  gages  at  other  locations  are  7*1  x  10"**  -ra  (0.03-tn.)  thick.  The  response  time  of 
these  heat-transfer  elements  can  be  shown  to  be  on  the  order  of  10"8  s.  A  coating  of 
magnesium  fluoride  (-  1200  A  thick)  is  vapor  deposited  over  the  gage  to  protect  the 
platinum  element  against  abrasion. 

The  button-type  gages  described  above  were  Installed  in  the  TFE  731  turbine 
stage  at  the  following  locations)  (a)  on  the  HGV  tip  endwall,  (b)  on  the  NCV  suction 
surface,  (c)  on  the  NGV  pressure  surface,  (d)  on  the  HGV  airfoil  leading  edge,  (e)  on 
the  rotor  blade  platforo),  (f)  on  the  blade  suction  surface,  (g)  on  the  blade  pressure 
surface,  (h)  in  the  blade  tip  and  (1)  in  the  shroud  above  the  rotor.  Figure  3  Is  e 
photograph  of  the  NGV  pressure  surface  and  endwall  Instrumentation  showing  the  leading 
edge  gage.s  and  the  airfoil  gage  coverage.  Figure  4  is  a  sketch  of  the  enduall  gage 
locations.  This  sketch  will  be  used  labor  In  the  discussion  of  the  endwall  Stanton 
number  data.  As  illustrated,  a  Is  the  distance  along  the  enduall  au. face  in  the  flow 
direction  and  x  is  the  spanwlse  direction  measured  along  the  solid  lines  shown  on  the 
sketch . 

KXPEDIMENTAL  CONDITIONS 

Table  1  gives  the  experimental  conditions  and  measured  parameters  for  the 
TFE  731-2  HP  full-stage  turbine  results  presented  In  this  paper.  This  table  Includes 
the  following  quantities:  (a)  the  otator  Inlet  total  temperature,  Tq,  measured  using 
a  rake  of  thermocouple  probes  and  also  independently  calculated  from  the  shock-tube 
conditions;  (b)  the  measured  model  wall  temperature,  Tyj  (c)  the  turbine  weight  flow, 
Wq,  calv;ulated  knowing  the  area  of  the  exit  channel,  the  orifice  area,  the  turbine 
work  extraction,  the  pressure  in  the  exit  channel,  and  the  inlet  total  temperature! 
(d)  the  measured  shock-tube,  reflected-shock  pressure!  (e)  the  measured  wall  static 
pressure  Just  ahead  of  the  stator i  (f)  the  average  stagnation-point  heat  flux  to  a 
cylinder  in  cross  flow  obtal).ed  Just  ahead  of  the  statori  and  Cg)  the  corrected  rotor 
speed . 

EXPERIMENTAL  RESULTS 

The  Stanton  number  used  iiere  is  based  on  conditions  at  the  NGV  inlet  and  was 
evalauted  using  the  relationship 


(Stanton  Ho.JiumT 


(Wo/A)  (iio  -  Hh  (T)) 
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The  standard  deviation  was  computed  for  the  data  set  at  the  given  test  condition.  The 
experimental  reproducibility  was  generally  within  ±5  percent  for  most  locations.  When 
these  results  are  presented  on  the  data  plots,  the  symbol  will  indicate  the  mean  value 
and  the  bar  indicates  the  standard  deviation.  The  absence  of  a  bar  means  that  the 
standard  deviation  was  within  the  symbol. 

TFE-731  NGV  ENDHALL  RESULTS 

Figure  5  presents  the  Stanton  number  distribution  at  two  locations  on  the 
NGV  tip  endwall  for  the  TFE-731  HP  turbine.  Recall  that  the  Stanton  number  discussed 
herein  Is  based  on  inlet  conditions  and  is  computed  in  the  manner  described  above. 
The  numbers  in  the  circles  denote  the  heat-flux  gage  positions  and  their  relative 
locations  can  be  seen  on  Figure  *1.  The  description  "near  pressure  surface"  or  "near 
suction  surface"  means  that  the  center  of  the  gage  Is  located  on  the  endwall  at 
approximately  2.8  x  10~3  -n  (0.110-ln.)  away  from  the  Intersection  of  the  vane  with 
the  endwall.  In  the  early  portion  of  the  flow  passage,  the  inlet  Stanton  number  is 
greater  near  the  suction  surface.  At  about  7511  of  the  total  flow  distance  along  the 
wall,  the  measured  values  near  the  pressure  surface  become  approximately  equal  to  those 
near  the  suction  surface  and  remain  so  until  the  exit  plane  with  the  exception  of 
location  (l05)  near  the  pressure  surface  which  becomes  the  maximum  value. 

Figure  6  is  a  more  detailed  plot  of  the  results  obtained  at  the  exit  plane. 
Along  a  line  from  the  suction  surface  towards  the  pressure  surface  (see  Fig.  4),  the 
Stjnton  number  remains  nearly  constant  over  approximately  7511  of  the  exit.  However, 
near  the  pressure  surface  the  Stanton  number  increases  by  approximately  25t. 

Figure  7  presents  similar  spanwise  results  for  three  otj^r  i^ations  (see 
Fig.  4)  in  the  endwall  passage.  The  line  of  gages  represented  by  @  ,  and  81  is 
along  the  inlet  and  resulting  Stanton  numbers  are  relatively  unifowff.  The  second  line 
sta.-ts  with  position  (Bs  whlol^s  8.6  x  lO"** -m  (0.034-ln.)  away  from  the  suction 
surface  and  ends  with  p^ltion  which  Is  2.05  x  10“3-m  (0.061-In)  away  from  the 
pressure  surface.  The  general  trend  along  this  line  is  for  the  Stanton  number  to 
decrease  as  the  pressure  surface  is  approached  up  to  about  50%  span  whore  tne  trend  is 
to  level  out.  The  third  line  starts  with  position  whl^  Is  2.2  x  10”3-m  (0.087  in.) 
away  from  the  suotlon  surface  and  ends  with  position  Sb  ,  which  is  2.91  x  10-3-m 
(0.115-ln.)  away  from  the  pressure  surface.  The  Stanton  niTOber  profile  along  this  line 
is  similar  to  that  along  the  previous  line,  but  the  peaks  and  valleys  ocour  at  different 
spanwise  locations.  This  endwall  flow  field  Is  extremely  complicated  and  at  the  present 
time  we  have  not  run  a  flow  field  computation  to  aid  in  analyzing  these  data.  Techniques 
are  available  (22-24)  and  one  of  then  may  be  applied  to  these  data  at  a  later  date. 

TFE-731  HGV  AIRFOIL  RESULTS 

It  was  mentioned  earlier  that  detailed  Stanton  number  results  had  been 
presented  in  (6)  for  the  full-stage  rotating  turbine  of  the  Garrett  TFE  731-2  engine. 
However,  for  the  purposes  of  completeness,  a  few  of  the  results  presented  In  (6)  that 
have  been  enhanced  by  more  recent  data  at  the  To  -’  lOOOOR  operating  condition  (see 
Table  1)  will  be  presented  herein.  In  this  portion  of  the  paper,  the  experimental 
results  are  presented  in  detail  and,  where  possible,  the  measurements  are  compared 
with  the  predictions  obtained  using  the  Wright-Patterson  AFB  Turbine  Design  System 
(TDS)  computer  code  (9).  In  addition,  predictions  obtained  using  a  modified  STAN5 
code  (10)  are  also  presented.  It  was  shown  in  (6)  that  the  predicted  Stanton  number 
distributions  were  relatively  insensitive  to  the  Ty/Tp  and  thus  only  the  T^/Tq  =  0.53 
predictions  will  be  presented  here.  However,  the  experimental  data  obtained  at  T^/To 
=  0.21,  0.33,  and  0.53  will  be  presented.  The  measured  and  predicted  distributions 
of  Stanton  number  are  compared  on  Figure  d  for  the  NOV  airfoil  midspan.  On  both  the 
pressure  and  suotlon  surface,  data  were  obtained  from  the  leading  edge  to  approximately 
94  percent  chord.  The  solid  and  dashed  lines  cn  Figure  6  are  the  predicted  distributions 
using  TDS  and  STAN5,  respectlvrly.  The  TDS  calculations  assume  that  the  boundary  layer 
is  either  fully  turbulent  or  fully  laminar.  However,  the  STAH5  predictions  have  been 
performed  for  a  transitions  Reynolds  number,  Rea  ,  of  either  30  or  200.  The  Important 
observation  from  Figure  8  is  that  on  the  suet ion'sur face,  transition  occurs  much  earlier 
than  Reg  =  200.  With  a  value  of  Reg  =  200,  the  STAH5  code  slgnirloantly  underpredlots 
the  data  at  chord  positions  less  than  30  percent  and  underpredicts  the  data  by 
approximately  30  percent  for  chord  positions  beyond  50  per-cent.  By  contrast,  the 
turbulent  fiat-plate  prediction  consistently  overpredicts  the  data  at  all  chord 
locations,  the  predlcti  r  being  on  the  order  of  20  percent  above  the  data.  Considering 
the  degree  of  oophlstlcatlon  of  the  flat-plate  prediction,  the  correlation  is  reasonably 
good.  The  suction-surface  laminar  flat-plate  prediction  is  clearly  far  below  the  data 
and  is  only  included  for  completeness.  On  the  pressure  surface,  the  turbulent  flat- 
plate  prediction  overpredicts  the  data  at  less  than  30  percent  chord.  Is  In  reasonable 
agreement  between  30  ar.d  60  percent  chord,  and  underpredlots  towards  the  trailing  edge. 
The  STAM5  prediction  significantly  underpredlots  the  pressure  surface  data  presumably 
because  of  the  assumed  laminar  flow  region  from  the  leading  edge  up  to  Reg  =  200,  This 
same  trend  continued  with  the  STAN5  comparisons!  thus,  only  a  limited  number  cl 
additional  comparisons  is  shown. 


A  significant  amount  of  rotor  blade  (pressure  and  suction  surface,  tip  and  * 

platform  locations)  and  shroud  data  nf’e  also  obtained.  The  measured  distribution  of 
Stanton  numbers  on  the  blade  pressure  and  suction  surfaces  are  compared  with  the  TDS 
nnd  STANS  predictions  on  Figure  9.  This  figure  is  plotted  so  that  the  tip  is  in  the 
center  and  the  platform  is  on  each  edge.  The  majority  cf  the  measurements  were  performed 
for  chord  positions  In  the  range  of  19  to  US  percent.  One  data  point  is  presented  for  the 
71  percent  chord  position  near  the  tip.  The  respective  predictions  bounding  the  19  and 
U5  percent  chord  posiions  are  thus  included  on  the  plot.  Note  that  the  Stanton  numbers 

deduced  from  the  thin-filra  gages  mounted  in  the  tip  are  shown  at  the  center  of  this  j 

figure  and  those  obtained  for  the  platform  gages  are  shown  on  the  left  outer  edge.  On  ' 

the  pressure  surface  of  the  blade,  the  turbulent  flat-plate  prediction  is  a  reasonably 

good  representation  of  the  measurements,  but  the  STAN5  prediction  is  significantly  . 

low.  Neither  the  flat  plate  nor  the  STAN5  predictions  give  a  good  comparison  on  the 

rotor  blade  suction  surface.  The  laminar  predictions  are  far  below  the  data  while  the  , 

turbulent  flat-plate  prediction  is  above  the  data.  At  the  45  percent  midehord  position,  I 

the  STAN5  prediction  approaches  the  measured  value  as  the  platform  is  approached. 

LOW  ASPECT  RATIO  TURBINE  (LART)  MEASUREMENT  PP.OCJBAM 

A  very  succiiessful  and  detailed  measurement  program  has  recently  been  j 

completed  at  Calspan  that  utilized  the  Garrett  Turbine  Engine  Company  low  aspect  ratio 
turbine.  The  specific  measurements  performed  for  this  full-stage  rotating  turbine 

were  local  heat  flux  and  surface  pressure.  The  measurements  were  performed  using  the  | 

short-duration  facility  described  above  and  the  instrumentation  techniques  described 
in  (8).  Though  the  measurements  have  been  completed  at  the  time  of  this  writing,  the 
analysis  of  the  data  is  still  in  progress.  It  is  anticipated  that  this  analysis  will 
be  completed  in  the  near  future,  and  at  that  time,  portions  of  the  data  will  be  released. 

However,  It  is  appropriate  here  to  briefly  describe  the  heat-flux  instrumentation  that 
was  utilized  because  even  though  thin-film  gages  were  still  used,  the  configuration  of 
the  Inserts  holding  the  gages  and  the  pattern  den.slty  were  significantly  different 
from  those  used  on  the  TFE-731  stage. 

The  LART  Instrumentation  concentrated  on  the  tip  endwall  and  on  the  midspan 
portion  of  the  vane  und  the  blade.  Figure  10  Is  a  photograph  of  the  heat-flux  gage 
inatrumentatlon  on  the  LART  NOV  leading  edge  and  on  the  pressure  surface.  In  the 
leading  edge  region,  the  gage.s  are  painted  on  an  insert  that  has  been  contoured  to  the 
airfoil  geometry.  The  gages  on  this  insert  are  spaced  approximately  1.0  x  lO-Sm  (O.OUO 
in.)  apart  starting  at  the  geometric  stagnation  point  and  continuing  around  the  pressure 
and  auction  sides  Of  tne  insert.  Also  shown  on  Figure  10  Is  an  adjoining  airfoil  that 
contains  a  contoured  strip  of  pyrex  onto  which  the  thin-film  gages  have  been  painted 
at  intervals  of  approximately  2.5  x  10"3-m  (0.100-in.)  from  the  termlnabion  of  the 
leading  edge  insert  to  the  trailing  edge.  If  one  looks  to  the  left  of  the  pressure 
surface  insert  on  the  tip  endwall,  then  the  button  gages  located  on  the  endwall  are 
alco  visible. 

Figure  11  is  a  photograph  of  the  suction  surface  heat-flux  gage  distribution 
for  the  LA1T  NGV  airfoil.  Once  again,  a  pyrex  strip  was  contoured  to  the  airfoil 
geometry  and  then  the  thin-film  gages  were  painted  on  the  surface  at  intervals  of 
approximately  2.5  x  10~3-ra  (0.100  In.)  starting  near  the  termination  of  the  leading 

edge  insert  and  continuing  to  a  location  near  the  trailing  edge  us  illustrated. 

Figures  12  and  13  are  photographs  of  the  LART  rotor  leading  edge  In.sert  and 
the  button  gage  pattern  on  both  the  pressure  and  suction  surfaces.  The  spacing  used  on 
the  rotor  installation  was  very  similar  to  that  used  on  the  NGV  airfoil.  If  one  looks 
near  the  top  Figure  12,  then  the  tip  gages  located  on  the  blade  above  the  one 
containing  the  leading  edge  insert  are  Ji'St  visible. 


For  the  LART  measurement  program,  simultaneous  measurement  of  surface 
pressures  were  obtained  at  selected  locations  on  the  NOV  portion  of  the  stage.  In 
addition,  the  pressure  upstream  of  the  NGV  and  downstream  of  the  rotor  was  also  measured. 


The  high  sampling  frequency  wave  form  recorders  noted  earlier  In  the  text 
and  deso.'lbed  -n  (8)  were  used  to  obtain  detailed  information  relative  to  rotor/stator 
interactions.  These  data  are  also  currently  being  analyzed. 

CONCLUSIONS 


1  r . 


A  review  of  an  on-golng  measurement  and  anlaysls  program  at  Calspan  that 
utilizes  full-stage  rotating  turbines  has  been  described.  Detailed  Stanton  number 
distributions  throughout  the  stage  of  the  Garrett  TPE  731-2  HP  turbine  have  been 
presented.  In  addition,  a  brief  summary  of  a  recently  completed  program  that  utilized 
a  significantly  different  turbine  stage  has  been  given. 
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TABLE  1  -  TEST  CONDITIONS 


Measured  Ref lected-Shock  Pressure,  psia  1 

Calculated  Befleoted-Shock  Temperautre,  OR 
Measured  NGV  Inlet  Total  Temperature,  °R 
Measured  NGV  Inlet  Total  Pressure,  psla 
Cylinder  in  Cross  Flow  Stagnation  Pt. 

Ht.  Tr.  Rate  Ahead  of  NGV,  BTU/ft23ee 
Calculated  Average  Weight-Flow  Rate,  Ib/sec 
Average  Corrected  Rotor  Speed  Approx 
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DISCUSSION 


R.Kioek,  Gc 

I  hiivc  a  i|uc.stioii  coiiccriiiiig  Ihc  hoiiiulary  layer  stale  of  the  guide  vane.  Your  ineasiireinents  j^hovved  that  transition 
iKCors  clo.se  to  the  leading  edge  on  both  snetioti  and  pressure  side.  Could  you  spt'eify  the  degree  of  tiirinilenee  and  the 
Reynolds  number?  Where  do  yon  see  the  reason  for  that  early  transition? 

Author’s  Reply 

1 .  We  have  measured  the  magnitude  of  frcc-stre.im  turbulence  to  Ite  on  the  order  of  SVo  (see  Rc.f.6).  To  the  best  of  my 
memory,  the  vane  inlet  Reynolds  number  is  on  the  order  of  5  X  I U’  based  on  chord  length.  I  could  check  this 
number  for  you  when  I  retiinr  home  if  you  tike. 

2.  I  believe  at  least  one  of  the  causes  of  this  early  transition  is  due  to  the  relatively  high  free-stream  turbulence.  This 
turbulence  could  he  the  result  of  several  things,  two  of  which  ate: 

a)  'Hte  vane  exit  is  subsonic  and  thus  the  rotor  disturbance  can  be  communicated  forward.  We  have  indeed  seen 
this  in  the  character  of  the  pressure  records,  with  and  without  the  rotor  (.sec  Ref.7). 

b)  It  is  quite  (xtssible  that  the  normal  shock  standing  outside  the  model  is  in  fact  not  completely  stationary,  even 
though  it  is  always  external  to  the  model.  In  this  way  the  shock  can  act  as  a  turbulence  generator. 


DJ.Doorly,  UK 

1 .  I  have  found  Dr  Dunn's  paper  extremely  iincrc.sting;  my  only  regret  is  that  there  has  not  been  sufficient  space  for  a 
more  dctiiiled  discussion  of  the  time-resolved  rotor  heat  transfer.  The  question  of  the  rotor  unsteady  heat  transfer 
is  to  my  mind  more  interesting  than  the  vaitc  heat  transfer  since  the  rotor  sees  a  far  more  unsteady  flow  and 
presents  Ihc  designer  with  more  severe  headaches.  To  establish  the  rotor  operating  conditions,  what  was  the  rotor 
mean  Reynolds  number? 

2.  As  regards  the  unstciidy  rotor  flow,  have  the  nozzle  guide  vanes  wakes  merged  at  the  rotor  inlet,  or  are  they  still 
discrete?  On  the  lime-resolved  signals  from  the  rotor,  is  it  possible  to  observe  discrete  switching  of  the  boundary 
layer  from  the  laminar  to  the  lurbulcat  state  as  each  iiozdt  guide  vane  wake  impinges,  or  do  the  results  suggest 
that  the  rotor  txnmdary  layer  is  continuously  turbulent,  and  only  secondary  fluctuations  are  prixluccd  by  the 
wakc-impingemciu. 

7i.  I  have  been  somewhat  concerned  by  Dr  Dunn's  use  of  insert-mounted  thin  films,  since  for  the  high  Reynolds 
number  rotor  flow,  even  very  slight  surface  discontimiilics  may  trip  '.he  boundary  layer.  Has  this  in  fact  rxicurcd? 

Author's  Reply 

1 .  •'he  inlet  Reynolds  number  is  about  2X10* 

2.  Yes,  wakes  can  be  resolved,  rhere  arc  different  effects  whether  there  is  a  wake  or  a  passage.  Tlic  values  of  heat  flux 
arc  bouncing  between  the  turbulent  level  and  the  laminar  level.  The  average  value  of  the  heat  flu.x  is  above  the 
laminar  value  and  much  closer  to  the  turbulent  one  for  this  kind  of  turbine. 

3.  For  that  reason  we  went  to  use  the  inserts  at  the  leading  edge  which  are  absolutely  contoured  smooth.  You  sec  that 
what  looks  like  transition  takes  place  on  the  leading  edge  very  clo.se  to  the  slagnutioii  point.  Hie  button  gauges 
were  put  in  under  a  microscope  and  they  are  very  tiny. 


CVI'J.Scrivcner,  UK 

May  I  ask  (wo  questions.  You  described  (he  instiumcntation  on  (he  rotor  tip  and  die  rotor  static  outer  sliruu'.l  ring 
easing. 

1 .  Can  you  describe  how  the  distribution  of  static  shroud  ring  heat  transfer  varies  with  rotor  tip  clearance? 

2.  I  low  dixrs  (he  unshrouded  rotor  dp  heat  transfer  compare  Vi  the  mcasuromen<s  dc.scribed  earlier  in  the  week  by 
Prof.  D.Metzgcr? 

Author's  Reply 

1 .  The  static  .shroud  heat-flux  distribution  is  nut  strongly  indiienccd  by  the  magnitude  of  the  tip  clearance.  The 
shroud  Stanton  number  distribution  (based  on  inlet  conditions)  decreases  by  about  25  to  30%  in  going  in  an  a.xial 
direction  from  directly  above  the  blade  leading  edge  towards  the  trailing  edge.  Once  you  exceed  distances  greater 
than  the  blade  trailing  edge,  the  Stanton  numlier  falls  by  approximately  50%.  We  have  publisherl  the  data  you  are 
iisking  for  in  Kcf.6, 1  think. 

2.  During  this  conference.  Prof.  Metzger  and  I  have  discussed  doing  the  comparison  you  sisk  about.  As  soon  as  he 
returns  from  Germany,  we  plan  to  do  so. 


fl'TffJf? 


S.Wi«iR,Gt; 

Whiil  is  ilie  thickness  of  your  fi'm  pitugcs?  In  tlie  light  of  what  has  been  saki  earlier,  would  you  Ih*  able  to  derive  front 

the  ineiisnremctils  die  unsteady  effects  of  the  wakes  on  the  tnatcrial? 

Author's  Reply 

1 .  'rite  thickness  of  the  thin-fihu  gauge  is  approximately  0. 1  pm. 

2.  Yes,  one  could  use  the  tiiiic-dcpcndeni  heat-flux  data  as  an  input  to  the  ealculation  of  blade  tcinpcriilurc  history 
atid  ill  this  nianner,  to  predict  the  metal  surface  temperature  fluctuation  as  a  result  of  wake  passage  cutting  I 
caution  you  that  the  magnitude  of  the  heiit-flux  fluctuation  will  depend  upon  the  particular  turbine,  on  the 
particular  location  on  the  blade,  and  on  whether  or  not  you  have  upstream  cold  gas  injection. 
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summary 

Calculations  are  presented  for  the  flow  development  and  heat  transfer  in  transitional 
two-dimensional  boundary  layers  of  relevance  to  turbine  blades.  They  were  obtained  with 
the  Patankar-Spaldlng  finite  difference  program,  using  a  low  Reynolds  number  version  of 
the  k-E  turbulence  model  for  simulating  the  turbulent  transport.  For  the  higher  free- 
stream  turbulence  levels  prevailing  in  gas  turbines  (say  above  It),  the  model  is  capable 
of  simulating  the  physical  transition  mechanism  which  is  governed  by  the  transport  of 
the  turbulent  fluctuations  from  the  free  stream  into  the  laminar  boundary  layer.  Ihe 
calculation  examples  comprise  a  variety  of  flat-plate  boundary  layers  with  various 
favourable  and  adverse  pressure  gradients  as  well  as  various  levels  of  free-stream  tur¬ 
bulence,  and  a  simulation  of  the  boundary  layer  development  of  an  experimentally  inve¬ 
stigated  turbine  blade.  The  calculations  are  compared  with  measurements  in  each  ease 
(mainly  the  di.- trlbution  of  heat  transfer  coefficients).  The  agreement  is  generally 
good,  but  the  model  has  a  tendency  to  predict  a  somewhat  faster  transition  than  was 
observed  in  the  experiments. 


1.  Introduction 

1.1  The  Problem  Considered 

Knowledge  of  the  external  heat  transfer  rates  is  an  important  factor  in  the  design  of 
gas  turbine  blades  as  these  rates  determine  the  blade  surface  temperature  which  must  be 
kept  below  a  critical  value  in  order  to  insure  a  reasonable  life-time  of  the  blades. 
Cascade  experiments  have  shown  that  the  heat  transfer  to  turbine  blades  depends  strongly 
on  the  occufonce  of  laminar-turbulent  transition  of  the  blade  boundary  layers.  For  in¬ 
stance,  the  heat  transfer  coefficients  may  be  higher  by  a  factor  of  five  at  the  same  lo¬ 
cation  depending  on  whether  the  flow  is  laminar  or  turbulent.  Hence,  above  all,  a 
reliable  method  for  calculating  the  heat  transfer  to  turbine  blades  must  be  able  to 
simulate  transition  realistically. 

The  present  paper  describes  such  a  calculation  procedure,  which  is  based  on  a  finite- 
domain  solution  of  the  boundary  layer  equations  for  two-dimensional,  steady  flow.  The 
turbulent  momentum  and  heat  transfer  is  simulated  by  a  low  Reynolds  number  version  of 
the  k-e  turbulence  model.  For  the  high  turbulence  levels  prevailing  in  gas  turbines  (say 
above  1%),  this  model  Is  also  used  to  mimick  the  transition  mechanism  which,  in  this 
case,  is  governed  by  the  transport  of  the  turbulent  fluctuations  from  the  free  stream 
into  the  laminar  ooundary  layer, 

1 . 2  Previous  Work 

There  have  been  several  attempts  to  simulate  laminar-turbulent  transition  with  the  aid 
of  turbulence  models  in  the  past.  These  will  now  be  discussed  briefly.  Turbulence  models 
may  be  classified  as  zero-,  one-,  two-equation  and  Reynold  stress  models,  according  to 
the  number  of  transport  equations  they  solve  for  turbulence  variables,  and  the  various 
models  will  be  discussed  In  this  order. 

Zero-equation  models  .  All  these  models  make  use  of  the  eddy  viscosity  hypothesi.s,  and 
either  the  eddy  viscosity  itself  (Cebeci  and  Smith  (IJ)  or  the  mixing-length  distribu¬ 
tion  is  specified  algebraically.  The  calculation  of  the  laminar-turbulent  transition  is 
performed  on  a  purely  empirical  basis.  Cebeci  and  Smith  (I),  Michel  [2]  and  Forest  [3] 
multiply  the  eddy  viscosity  with  an  intermittency  function  derived  from  experimental 
data.  This  function  depends  on  the  momentum-thickness  Reynolds  number,  being  zero  in  the 
laminar  flow  regime  and  increasing  gradually  to  unity  once  the  critical  Reynolds  number 
for  instability  is  exceeded.  This  Reynolds  number  is  usually  calculated  by  means  of  the 
linear  stability  theory,  which  limits  the  applicability  of  these  methods  to  Vow  free 
stream  turbulence  intensities.  Crawford  and  Kays  (4)  assign  a  large  numerical  value  to 
the  damping  constant  in  their  mixing-length  model  in  order  to  suppress  the  Reynolds 
stresses  in  the  laminar  boundary  layer.  This  damping  constant  is  slowly  decreased 
towards  the  typical  value  for  fully  turbulent  flow,  after  an  empirically  specified 
transition  Reynolds  number  has  been  reached  In  the  calculations.  In  McDonald  and  Fish's 
[  5]  model,  which  has  also  been  used  by  Mari  and  Mathieu  [  Gj  and,  in  a  slightly  modified 
form,  by  Hodge  and  Adams  [7],  the  constant  value  of  the  mixing- length  in  the  outer 
boundary  layer  region  is  determined  from  the  solution  of  an  integral  form  of  the 
modelled  turbulent  kinetic  energy  equation.  The  free  stream  turbulence  intensity 


enters  this  equation  implicitly  via  the  inteyrated  turbulent  transport  term.  In  the  oal- 
cul.itions,  finite  valties  of  the  free  stream  turbulence  intensity  cause  a  continuous 
energy  flux  into  the  boundary  layer;  this  in  turn  leads  to  a  gradual  increase  of  the 
outer- layer  mix Ing- length  so  that.  after  a  certain  distance,  turbulent  flow  is  pre¬ 
dicted.  In  principle,  this  model  is  able  to  simulate  the  transition  process  typical  for 
blade  boundary  layers,  where  disturbances  intrude  from  the  free  stream  into  the  laminar 
boundary  layer. 

Zero-equation  models  are  liable  to  yield  satisfactory  results  only  for  these  flows  wl\ich 
meet  the  empirical  assumptions  inherent  in  the  mixing-length  hypothesis  and  in  the 
transition  model.  This  is  usually  the  case  only  for  rather  simple  flows.  Therefore,  the 
results  are  often  not  very  realistic  for  the  more  complicated  flows  prevailing  in  gas 
turbines . 

Onc-equation  models.  Grundmann  and  Nehring  10)  describe  first  attempts  to  simulate  tran¬ 
sition  induced  by  free  stream  disturbance  with  a  differential  form  of  the  turbulent 
kinetic  energy  equation  in  connection  with  an  algebraic  description  of  the  length  scale. 
They  were  able  to  calculate  the  transitional  boundary  layer  on  a  turbine  blade,  but  did 
not  chock  their  results  against  experimental  data. 

r.'jo-equation  models.  Priddin  [91  was  the  first  to  use  the  k-r  model  for  the  calculation 
of  transitional  flows:  his  concern  was  mainly  to  show  that  the  k-r.  model  can  cope  in 
principle  with  these  flows  and  not  to  provide  a  detailed  assessment  of  the  model  perfor¬ 
mance.  Arnal  et  al.  (lOJ  applied  the  model  of  Jones  and  Launder  (ill  to  transitional 
flows.  They  investigated  the  circumstances  under  which  small  perturbations  in  the  k-pro- 
files  were  amplified  such  that  the  flow  became  turbulent.  Tliey  obtained  very  good  agree¬ 
ment  with  their  own  experimental  data  even  at  very  low  free-stream  turbulence  intensi¬ 
ties.  However,  their  paper  does  not  give  the  initial  and  boundary  conditions  specified 
in  the  calculations.  In  view  of  our  results  presented  in  Section  4,  some  of  their  pre¬ 
dictions  at  low  free-stream  turbulence  intensities  appear  doubtful.  Dutoya  and  Michard 
(121  used  their  low-Reynolds-number  version  of  the  k-c  model  to  calculate  transitional 
boundary  layers,  'fliey  also  create  the  impression  that,  their  model  simulates  transition 
realistically  even  at  very  low  free  stream  turbulence  intensities  without  any  additional 
empirical  modifications.  Their  model  has  been  found  not  to  be  very  accr.rate  for  turbu¬ 
lent  flows  (see  Patel  et  al.  (lijj. 

Wilcox  [  14]  has  applied  his  model  successfully  to  a  large  number  of  transitional  boun¬ 
dary  layers,  e.g.  flows  with  free  stream  turbulence,  pressure  gradients,  surface  rough¬ 
nesses  and  compres,sibi  1  ity .  He  achieved  this  success  by  calibrating  one  empirical  func¬ 
tion  against  experimental  data.  According  to  Wilcox  (14|,  the  model  displays  a  distinct 
sensitivity  to  the  initial  and  boundary  conditions  specified.  In  roost  of  the  test  cases 
considered  by  Wilcox,  these  were  not  documented  in  sufficient  detail.  If  one  considers 
further  the  purely  empirical  way  Wilcox  speoifi-as  the  wall  boundary  condition  for  his 
length  scale  variable,  the  predictive  power  of  this  model  cannot  be  truly  assessed.  More 
recently,  Wilcox  115]  derived  the  empirical  model  function  and  the  initial  profiles  for 
the  turbulence  variables  from  results  obtained  by  applying  the  linear  stability  theory. 
This  procedure  has  not  yet  been  tested  extensively.  It  is  questionable  whether  it  can  be 
applied  to  the  flow  in  gas  iucblnes,  where  transition  is  triggered  by  free  stream 
distoibances . 

Arad  et  al.  [16]  used  a  low  Reynolds  number  version  of  the  k-kl  model  developed  by  Mg 
[17]  to  calculate  transitional  boundary  layers.  They  obtained  good  agreement  with  em¬ 
pirical  correlations  for  the  transition  Reynolds  numbers.  However,  the  result.s  were  not 
compared  against  specific  experiments. 

Reynolds  stress  models.  One  of  the  first  attempts  to  simulate  laminar-turbulent  transi¬ 
tion  with  the  aid  of  turbulence  models  is  due  to  Donaldson  (l^'  who  used  transport  equa¬ 
tions  for  the  Reynolds  stress  components  and  an  algebraically  prescribed  length  scale. 
Donaldson  investigated  the  amplification  (or  damping)  of  small  artifical  perturbations 
in  the  model  Reynolds  stress  equations.  He  observed  either  transition  or  complete  stabi¬ 
lisation  of  the  disturbances  depending  upon  the  local  Reynolds  number.  The  paper  gives 
more  an  impression  of  the  qualitative  model  behaviour  without  recourse  to  experimental 
data . 

Pinson  I  19]  has  developed  a  low  Reynolds  number  version  ol  nolds  stress  itiodel  in¬ 
volving  a  model  equation  for  the  dissipation  rate.  He  emp  .  his  model  to  calculate 
transition  as  a  function  of  free  stream  turbulence  intent.. y  but  did  not  obt.ain  good 
agreement  with  measured  transition  Reynolds  numbers.  Pinson  [ 19i  also  extended  his  model 
to  calculate  flows  with  surface  roughnesses.  In  this  case  the  agreement  with  existing 
data  was  satisfactory. 

Suminary .  Especially  the  papers  published  on  two-equation-mo<lel  calculations  create  the 
impression  that  laminar-turbulent  transition  can  be  simulated  simply  by  specifying  the 
correct  boundary  conditions  for  the  turbulence  variables.  This  does  not  hold  true  in 
general  as  wi'l  be  shown  in  the  following  sections.  To  obtain  satisfactory  results,  em¬ 
pirical  information  has  to  be  provided  at  least  in  form  of  the  initial  profiles  for  the 
turbulence  quantities.  Moreover,  for  the  turbulence  model  described  in  this  paper,  tran¬ 
sition  triggered  by  transport  of  turbulence  from  the  free  stream  into  the  boundary  layer 
could  not  be  obtained  for  free  stream  turbulence  intensities  less  than  1%.  This  is 
physically  plausible  because,  in  these  cases,  transition  is  caused  by  Tollmien- 
Schlichting  waves  and  this  phenomenon  cannot  be  simulated  by  models  involving  time- 
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averaged  aui^r.nities .  However,  this  problem  is  not  addressed  in  any  of  the  references 
given  above.  It  is  thus  not  clear  how  transition  was  attained  In  the  model  predictions 
of  Arnal  et  al.  (10)  and  Dutoya  and  Michard  [12J  without  any  transition-related  modifi¬ 
cations  to  these  models. 

^  ^  t*re8ent  Contribution 

The  purpose  of  this  paper  Is  to  present  calculations  of  transitional  boundary  layers  re¬ 
levant  to  the  flow  oil  gas  turbine  blades.  Laminar-turbulent  transition  as  well  as  the 
turbulent  flow  regime  is  simulated  with  the  low-Reynolds-number  version  of  the  k-c  model 
of  Lam  and  Bremhorst  [20).  Tn  all  the  calculations*  transition  ensued  from  the  transport 
of  free  stream  turbulence  into  the  laminar  boundary  layer;  this  is  the  physical  situa¬ 
tion  most  likely  to  occur  in  blade  boundary  layers.  The  test  cases  considered  comprise  a 
variety  of  flat-plate  boundary  layers  with  various  favourable  and  adverse  pressure  gra¬ 
dients  as  well  as  various  levels  of  free-atream  turbulence*  and  the  boundary- layer  de¬ 
velopment  of  an  experimentally  investigated  blade.  The  calculations  are  compared  with 
measurements  in  each  case. 

Two  items  have  received  Insufficient  attention  in  moat  previous  articles  on  the  calcula¬ 
tion  of  laminar-turbulent  transition  with  turbulence  models:  the  description  of  the 
initial  and  boundary  conditions  used  in  the  predictions  and  the  selection  of  test  cases 
against  which  the  calculated  results  are  to  be  compared.  Tltese  topics  are  discussed  in 
greater  detail  in  the  present  paper. 


2.  Mathematical  Model 


^ ^  Moan  flow  Equations 


The  mean 

continuity, 

system; 

flow  assumed  to  be  steady  and  two-dimensional.  Under 

momentum  and  stagnation  enthalpy  equations  read  in  a 

these  conditions  the 
cartesian  coordinate 

Continuity 

equations 

a  (oU)  .  3  (oV)  _  o 
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(2.1-1) 

Momentum  equations 
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Stagnation  enthalpy  equation: 
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(2.1-3) 


In  these  eqviations  U,  V  and  u,  v  ace  respectively  the  mean  and  fluctating  velocity  com¬ 
ponents  in  the  X-  and  y-dlrections ,  and  P  io  the  static  pressure.  The  stagnation 
untVialpy  H 


H  =  )i  + 


+  k 


(2.1-4) 


is  composed  of  the  static  enthalpy  h.  the  mean  kinetic  energy  U./2  and  the  turbulent 
kinetic  energy  k.  The  symbol  h'  in  equation  (2.1-3)  stands  for  the  fluctuating  enthalpy. 
The  fluid  is  characterized  by  its  density  p,  dynamic  viscosity  p  and  mlecular  prandtl 
number  Pr.  Time-averages  are  denoted  by  an  overbar.  The  expression  V  indicates  mass- 
welghtod  averaging,  (see  Cebecl  and  Smith  [1))  with 


OV  =  pV  +  p  *  V 


(2.1-5) 


where  p'  represents  the  fluctuating  density.  The  fluids  considered  in  t'nlo  paper  were 
assumed  to  be  ideal  gases  so  that 


P 


JP_ 

RT 


(2.1-b) 


with  R  being  the  gas  constant  and  T  the  static  temperature. 
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Equations  (2.1-2)  and  (2.1-3)  contain  the  Reynolds  stress  -piiv  and  turbulent  heat  flux 
- f)li '  V .  A  turbulence  model  for  determining  these  quantities  must  be  introduced  in  order 
to  close  the  system  of  equations  ( 2 . 1-1  )-(2 . 1-6) .  TThis  will  be  discussed' in  the  next 
section . 

2. 2  Turbulence  Model 

In  this  s.,udy,  the  low  Reynolds  number  version  of  the  k-c  model  developed  by  Lam  and 
nromhorst  [20]  has  been  used  to  simulate  the  turbulent  momentum  and  heat  transport.  This 
model  itakes  use  of  the  eddy  viscosity  hypothesis,  relating  the  Reynolds  stress  to  the 
mean  velocity  gradient! 


—  3U 

-PUV  =  t.t  57 


(2.2-1) 


The  eddy  viscosity  p,  depends  on  the  turbulence  structure;  it  Is  proportional  to  the 
turbulent  kinetic  energy  k  and  to  the  energy  dissipation  rate  e.  Frc  ,i  dimensional  anal¬ 
ysis  there  follows! 


"  ^|i  T 


(2.2-2) 


c  is  an  empirical  constant  and  f  an  empirical  function  accounting  for  the  effects  of 
mBlacular  viscosity  and  wall  proxiin¥ty.  In  fully  turbulent  flow  remote  from  walls  f  =1 
30  that  the  Lam-Or emhorst  model  reduces  to  the  standard  k-e  model. 

The  local  values  of  k  and  c  are  calculated  from  the  following  semi-empirical  transport 
equations: 
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(2.2-3) 


p  c^y.2  t) 


(2.2-4) 
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(2.2-5) 


P.  13  the  production  of  turbulent  kinetic  energy.  Four  empirical  constants  appear  in  the 
model  equations.  For  these,  the  following  standard  values  (21]  were  adopted!  c  =  0.09, 
c^.  =  1.44,  c  2  =  1.92,  Oj^  =  1.0,  "5  =  1.3.  The  functions  f.  and  f,  simulate  viycous  and 
near-wall  influences  and  tend  to  unity  for  high  turbulence  Reynolds  numbers.  The  low 
Reynolds  number  functions  f  ,  f^^  and  fj  devited  by  Lam  and  Bremhorst  (  20)  are 


[ 1  -  exp  (-  0.0160  Ry) 1 ' 


(2.2-6) 


=  1  +  (2^; 


(2.2-7) 


I  -  exp  (-  R^,) 


(2.2-8) 


where  the  Reynolds  numbers  R^  and  R,j,  are  dei'inod  as 


R  = 

y  w 


n„.  = 


(2. 2-9a,b) 


An  assessment  of  these  functions  is  given  In  Patel  et  al.  il3l.  It  should  )5e  noted  that 
the  numerical  values  in  Equations  (2.2-6)  -  (2.2-8)  are  slightly  different  from  those  of 
Lam  and  Bremhorst  120);  they  have  been  chosen  as  they  yield  more  accurate  predictions 
for  wall  bounded  shear  flows  (see  Rodi  et  al.  [22]). 

The  turbulent  heat  flux  - ph ' v  is  calculated  from  the  following  eddy  diffusivity  rela¬ 
tion  : 


-pii'v 
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(2.2-10) 
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The  eddy  diffusivity  ie  assumed  proportional  to  the  eddy  viscosity  p  (deterraineO  by  the 
k-e  model),  with  the  proportionality  coefficient  (turbulent  Prar.dtl  number)  assumed  to 
have  the  constant  value  Pr^  =  0.86. 

2.3  Initial  and  Boundary  Conditions 


In  this  section  the  boundary  and  initial  conditions  used  In  the  calculations  are  presen¬ 
ted.  Firstly,  the  boundary  values  at  the  wall  and  in  the  free  stream  are  discussed  and 
then  the  initial  values  employed  to  start  the  calculations. 

Wall  Boundary  Conditions.  Along  the  walls  the  no-slip  condition  was  applied,  which  read 
for  the  mean  velocities: 


y=0;  o=V=0  (2,2-11) 

For  the  stagnation  enthalpy  at  the  wall,  either  the  wall  values  (wall  temperatures)  or 
gradients  at  the  wall  (wall  heat  fluxes)  were  prescribed,  i.e. 


y  =  O 


K 


or 
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(2.2-12) 


According  to  the  no-slip  condition  the  turbulent  )clnetlc  energy  at  the  wall  was  set  to 
zero  and  so  was  the  gradient  of  the  dissipation  rate  : 


y  =  O 


(2.2-13) 


An  evaluation  of  these  boundary  conditions  can  be  found  in  Patel  et  al.  I  13] . 

Free  Stream  Boundary  Conditions.  In  the  free  stream,  the  velocity  was  set  equal  to  the 
potential  velocity  U~  Which  wau  ta)cen  from  measurements  in  each  case;  the  stagnation 
enthalpy  in  the  free  Stream  has  a  constant  value  which  was  also  derived  from  experimen¬ 
tal  values: 


M  *  Hg  =  const. 


(2. 2-14) 


Boundary  values  for  k  and  e  were  obtained  by  solving  the  transport  equations  (2.2-3)  and 
(2.2-4)  which  reduce  outside  the  boundary  layer  to 
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(2.2-15) 

(2.2-16) 


Appropriate  initial  values  for  )(  and  t  necessary  to  so.lve  these  equations  were  ta)(en 
from  experimental  data.  *  * 


Initial  values.  The  initial  profile  for  the  mean  velocity  in  the  laminar  flow  regime  was 
prescribed  with  a  Pohlhausen-profilo,  (see  White  (23]): 


i  .  l:  if  -2  (if,'.  ,J,-,  .*  j[  ,,-ifi'  U.!-17| 

e 

where  5  is  the  boundary  layer  thickness  and  A  =  4»  p  /p  dU  /dx  is  the  Pohlhausen  para¬ 
meter.  The  temperature  was  assumed  to  depend  in  a  llnSar^mafiner  on  tho  velocity: 

^  =  1  t  (|^  -  1)  ^  (2.2-18) 

w  w  e 

A  starting  profile  for  the  stagnation  enthalpy  way  be  constructed  from  equation  (2.2-17) 
and  (2.2-i8). 

All  important  but  also  difficult  tas):  in  the  calculation  of  transitional  flows  is  the 
specification  of  initial  profiles  for  the  turbulence  varla):>les.  There  are  no  experimen¬ 
tal  data  available  as  basis  for  this  specification.  Also,  results  obtained  with  the 
linear  stability  theory  cannot  be  used  for  the  flow  situations  considered  in  this  paper 
where  transition  Is  triggered  by  disturbances  in  the  free  stream.  Therefore,  the  start¬ 
ing  profiles  for  k  and  e  had.  to  be  derived  on  an  ad  hoc  Itasic. 

In  the  case  of  the  tur)julent  kinetic  energy  there  are  some  constrai.ite  which  should  bo 
met  by  the  initial  profiles:  these  are:  i)  k  has  to  vanish  at  the  wall,  ii)  k  should 
display  a  quadratic  increase  with  wnll  distance  and  ill)  k  must  asymptote  to  the  free 
stream  value  k  at  the  boundary  layer  edge.  A  relation  meeting  this  requirements  is 


k 


(2.2. 19) 
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This  equation  was  used  In  the  computations. 

There  Is  much  more  liberty  in  setting  up  a  starting  profile  for  the  dissipation  rate  e  . 
One  necessary  condition  is  that  the  experimental  free  stream  value  is  recovered;  in 
addition,  it  is  plausible  on  physical  grounds  that  the  length  scale  within  the  boundary 
layer  does  not  exceed  that  in  the  free  stream.  The  starting  profiles  for  £  used  in  the 
calculations  were  generated  by  the  assumption  that  the  dissipation  rate  should  he  pro¬ 
portional  to  the  production  rate  of  k,  i.e. 
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(2.2-20) 


with  a,  ’»  -uv/k.  The  c-values  described  by  equation  (2.2-20)  tend  to  zero  at  the  boun¬ 
dary  layer  edge,  so  that  in  addition  the  following  condition  was  imposed; 


e  > 


(2.2-21) 


In  the  course  of  testing  the  model  it  turned  out  that  the  coefficient  a,  in  equation 
(2.2-20)  could  not  be  kept  constant  but  had  to  be  made  a  function  of  the  iree-stream 
turbulence  intensity  in  order  to  obtain  agreement  with  measured  transition  Reynolds  num¬ 
bers.  For  the  test  cases  considored  the  best  overall  agreement  was  obtained  with  values 
of  a.  inside  the  shaded  area  in  Figure  2.1.  The  full  line  in  Figure  2.1  was  used  to  de¬ 
termine  a,  for  the  calculations  presented  in  Chapter  4.  To  provide  some  impression  of 
the  shape  of  the  initial  profiles  for  k  and  s,  Figure  2.2  shows  an  example  for  a  turbu¬ 
lence  intensity  Tu  =  /u»  /u  of  2.6%;  the  maximum  value  of  the  Reynolds  stress  inside 
the  boundary  layer  implitd  ®by  these  k-  and  c-values  was  0.03  u>  ,  with  u  =  /"r  /p 
being  the  friction  velocity.  ^  ^ 

The  calculations  shown  below  ware  started  at  x-locations  corresponding  to  a  momentum 
thickness  Reynolds  number  Re.  =  U  100,  where  the  flow  was  still  stable  and 

laminar  and  Kquations  (2.2-17)  and  (5. 2-I8)®provided  fair  approximations  to  the  physical 
situation. 


3 .  numerical  Solution  Procedure 

The  mean-flow  and  turbulence-model  equations  were  solved  with  an  adapted  version  of  the 
GBNMIX  procedure  described  by  Spalding  |24).  The  method  is  iff.  licit  and  marching  in  the 
streamwise  direction.  The  variables  U,  H,  k  and  c  were  solved  successively  at  each  cross 
stream  line  with  no  iteration.  A  non-cquidistant  grid  with  100  n^es  in  the  norijial 
direction  was  employed:  the  first  grid  node  was  typically  at  0.2  <  y,  <  i-O  where  y-  - 

y  u  p  /p  .  The  step  size  in  the  flow  direction  was  set  proportional  to  the  momentum 

tniSkSosS  6,  with  a  proportionality  factor  of  0.25  for  the  calculations  shown  below.  To 

enable  a  resolution  of  fust  changes  in  the  vicinity  of  the  wall  the  step  size  was  addi¬ 

tionally  restricted  to  five  sublayer  UiickneDses,  i.e. 

Ax  <  25  (3-1) 


4.  Results  and  DiecussioA 
4 . 1  Selection  of  Test  Cases 

The  larainar-tiirbule.1t  transition  depends  strongly  on  t,  u  turbulence  field  in  the  free 
stream,  which  may  be  characturized  by  a  turbulance  intensity  Tu  and  a  suitable  length 
scale  L  .  Preliminary  calculations  revealed  that  the  choice  of  the  free-stream  length 
scale  (of  equivalently  the  dissipation  rate)  had  a  perceptible  influence  on  the  computed 
transition  Reynolds  numbers.  Hence,  the  performance  of  a  turbulence  model  should  only  be 
aseesaed  by  comparison  with  experiments  for  which  both  parameters,  the  intensity  and  the 
length  scale,  are  available.  In  practice  this  means  that  data  of  k  have  been  measured 
at  least  at  two  stations  in  the  x-direction;  Equations  (2.2-15)  and*(?..  2-16)  then  allow 

e  and  therefore  L  to  be  determined, 
e  e 

Presently  only  two  experimental  studies  meet  these  requirements,  namely  the  ones  of 
Dlalr  and  Werle  l25l ,  [26)  and  of  Abu  Ghannam  t27l.  Blair  and  Werle  investigated  the 
heat  transfer  behaviour  along  a  flat  plate.  The  free  stream  velocity  was  30  m/s  and  the 
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temperature  differences  between  the  free  stream  and  the  wall  were  typically  lOK.  The 
free  stream  turbulence  intensity  was  varied  between  0.25  and  7.5%.  All  three  components 
of  the  normal  Reynolds  stresses  in  the  free  stream  were  recorded  and  showed  good  iso¬ 
tropy.  Two-dimensionality  of  the  flow  was  checked  with  the  aid  of  the  2D  integral  momen¬ 
tum  and  enthelpy  equations  and  was  found  to  be  sufficient  in  all  cases.  Abu  Ghannam 
conducted  his  .measurements  on  a  flat  plate,  but  he  did  not  investigate  heat  transfer. 
Different  Roynolnc  numbers  were  achieved  by  altering  the  free  stream  velocities  from  6 
m/s  to  30  m/s.  Only  the  longitudinal  fluctuating  velocity  was  measured  in  this  study  and 
the  free  stream  tvvbulence  intensities  ranged  from  0.25  -  S%. 

4 . 2  Boundary  Layers  with  Zero  Pressure  Gradient 

In  this  section  results  are  presented  for  boundary  layers  without  pressure  gradient  but 
various  free-stream  turbulence  intensities.  Figure  4.1  compares  calculated  Stanton  num¬ 
bers  with  the  data  of  Blair  and  Wcrle  (  25] .  The  free  stream  turbulence  intensities  at 
the  beginning  of  the  calculations  are  indicated  in  the  figure;  they  ranged  from  1.3  to 
7.5%.  In  the  calculations  transition  is  brought  about  by  turbulent  kinetic  energy  being 
continuously  transported  into  the  laminar  boundary  layer.  After  a  certain  development 
length,  depending  on  the  initial  values  of  the  dissipation  rate,  the  entrained  turbulent 
kinetic  energy  is  amplified:  this  amplification  takes  place  mainly  in  the  near-wall  zone 
where  the  velocity  gradients  and  therefore  also  the  production  rates  of  turbulent  kine¬ 
tic  energy  are  large.  After  a  certain  length,  the  predicted  flow  becomes  fully  turbu¬ 
lent. 

Figure  4.1  shows  very  satisfactory  agreement  with  the  data  for  turbulence  intensities  of 
2.5,  6.2  and  7.5%.  The  test  plate  of  Blair  and  Weile  had  an  unheated  starting  length  in 
which  no  heat  transfer  data  could  be  obtained.  For  the  two  higher  turbulence  Intensities 
transition  took  place  in  this  initial  region  so  that,  unfortunately,  the  transition  be¬ 
haviour  cannot  be  compared  for  these  cases.  However,  the  computed  transition  Reynolds 
numbers  are  in  agreement  with  the  empirical  correlation  given  by  Abu  Ghannam  [27];  also 
the  good  simulation  of  the  transitional  zone  (»  <  0.2  m>  is  an  indiert-ion  that  the  point 
of  transition  is  calculated  correctly. 

For  the  case  with  Tu  =*  1.3%  the  calculated  transition  point  is  someWhat  too  far  down¬ 
stream  and  transition  occurs  loo  rapidly.  The  latter  is  a  characteristic  feature  of  the 
turbulence  model  employed.  The  transition  performance  could  be  in^jroved  by  modifying  the 
low  Reynolds  number  functions.  The  discrepancy  between  the  calculated  and  measured  tran¬ 
sition  locations  is  partly  due  to  the  experiments.  Where  transition  was  hastened  by 
sidewall  affects  in  the  test  oeotion.  Generally,  the  agreement  with  the  data  is  better 
for  higher  free  stream  turbulence  intensities,  because  in  these  cases  the  transition 
length  is  decreased  which  complies  with  the  model  cheracteristlcs. 

Figures  4.2  and  4.3  show  comparisons  with  the  data  of  Abu  Ghannam  for  a  turbulence  in¬ 
tensity  of  2.6%.  The  free  stream  velocity  was  14  m/s  in  this  case,  The  data  for  the  mo¬ 
mentum  thickness  Reynolds  number  are  very  well  reproduced  (Figure  4.3).  The  shape  fr.c- 
tor,  (Figure  4.2),  shows  the  transition  process  more  clearly.  It  is  evident  that  transi¬ 
tion  is  somewhat  faster  in  the  calculations  than  in  the  experiments.  However,  for  prac¬ 
tical  purposes  the  simulation  is  adequate. 

4 . 3  Boundary  Layers  with  Favourable  Pressure  Gradients 

Favourable  pressure  gradients  stabilize  laminar  boundary  Layers  and  delay  transition. 
They  counteract  the  effects  of  free  stream  turbulence.  The  test  cases  shown  in  this  sec¬ 
tion  were  subject  to  both  effects.  Figure  4,4  shows  an  example  with  relatively  mild 
acceleration,  which  was  investigated  by  Blair  and  Werle  (26).  The  acceleration  para¬ 
meter 


K  = 


(4.3-1) 


was  constant  and  equal  to  2.0  x  10  ,  Compared  to  cases  without  pressure  gradient,  tran¬ 
sition  takes  place  further  downstream  and  is  more  gradual.  The  calculated  transition 
starts  somewhat  too  late  and  occurs  faster  than  in  the  experiments:  however,  the  down¬ 
stream  displacement  of  the  transition  point  caused  by  the  acceleration  is  reproduced 
quite  well,  overall,  the  agreement  with  the  data  is  satisfactory. 

At  the  same  free  stream  turbulence  intensity,  but  under  .a  higher  acceleration  of  K  = 
0.75  X  lo"  ,  the  flow  becomes  more  stabilized  and  the  onset  of  transition  is  Indicated 
only  by  a  gentle  increase  in  the  Stanton  number  data  (Figure  4.5).  For  this  case,  the 
model  yields  a  more  distinct  transition  and  larger  dif fcrsr.oes  to  the  data  emerge.  These 
can  be  reduced  only  by  changes  of  the  low  Reynolds  nu.mbel  functions  In  the  turbulence 
model.  The  agreement  with  the  data  becomes  better  with  incrQ.,oing  free  stream  turbulence 
intensities.  For  instance.  Figure  4.6  shows  a  case  with  the  same  acceleration  and  a  tur¬ 
bulence  intensity  of  5.3%  which  is  in  fairly  good  agreement  with  the  data. 

4 . 4  Boundary  Layers  with  Adverse  Pressure  Gradients 

Transition  under  adverse  pressure  gradient  conditions  is  of  less  impoi Lance  on  gas  tur¬ 
bine  blades  than  the  favourable  pressure  gradient  case.  As  a  consequence,  fewer  experi¬ 
mental  data  are  available  for  this  case.  In  fact  only  the  work  of  Abu  Ghannam  (27)  meets 
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the  requirements  set  out  in  Section  4.1.  In  these  experiments,  the  pressure  rise  was  al¬ 
most  linear  but  weak  enough  to  avoid  premature  separation.  Abu  Ghannam  reports  difficul¬ 
ties  in  keeping  the  flow  two-dimensional  in  these  experiments.  Figure  4.7  shows  an 
example  of  a  calculation  for  the  adverse  pressure  gradient  case  with  an  inlet  velocity 
of  12  m/s  and  a  free  stream  turbulence  intensity  of  l.Bt.  The  shape  factors  are  predic¬ 
ted  very  satisfactorily  in  this  case. 

4. 5  Simulation  of  Blade  Boundary  Lavers 


rinally,  in  order  to  demonstrate  the  practical  applicability  of  the  calculation  proce¬ 
dure,  predictions  are  shown  of  heat  transfer  coefficients  on  a  gas  turbine  bl^.de.  The 
blade  profile  is  depicted  in  Figure  4.8.  For  this  blade,  heat  transfer  experiments  were 
carried  out  by  Danlela  and  Browne  126).  the  present  paper  calculations  are  presented 
for  a  chord  Reynolds  number  Re^  of  6.7  x  10  with 


Re 


c 
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(4.5-1) 


The  index  "1"  relates  to  values  at  the  inlet,  and  c  Is  the  axial  chord  length  of  the 
blade.  The  exit  Mach  number  was  0.94.  The  free  stream  turbulence  intensity  12.7  cm  up¬ 
stream  of  the  cascade  was  4.2t  and  a  value  of  3%  at  the  casciide  entrance  waa  used  In  the 
computations.  The  total  temperature  T  in  the  free  stream  was  432  K  while  the  blade  sur¬ 
face  temperature  was  constant  and  equSl  to  288  K.  Further  details  on  the  predictions  and 
the  teat  conditions  are  given  by  Rodi  and  Scheuerer  (29). 

Figure  4.9  shows  a  comparison  of  predicted  and  measured  heat  transfer  coefficients  for 
the  suction  side.  The  heat  transfer  coefficients  a  are  defined  as 


a 


(4.5-2) 


The  various  symbols  in  the  figure  label  data  obtained  with  differently  instrumented 
blades.  The  calculations  show  a  rapid  decrease  of  a  close  to  the  leading  edge  which  is 
in  good  agreement  with  the  data.  At  x/c  ^  0.3  and  a  momentum  thickness  Reynolds  number 
of  260,  transition  starts  in  the  calculations.  At  this  location  the  potential  flow  out¬ 
side  the  boundary  layer  is  slightly  retarded  and  the  onset  of  transition  is  physically 
plausible.  On  the  other  hand  the  experimental  data  indicate  laminar  flow  up  to  x/o  = 
0.45.  At  this  location  the  measurements  show  a  discontinuity  and  it  is  not  cleat  if  this 
can  V)«  identified  as  transition.  In  visw  of  the  predictions  presented  in  Section  4 . 3  it 
seems  probable,  however,  that  the  transition  process  is  predicted  too  rapidly. 

The  heat  transfer  coefficients  on  the  pressure  surface  are  shown  In  Figure  4.10.  The 
outer  flow  Is  strongly  accelerated  along  the  whole  pressure  surface;  tlie  acceleration 
parameters  K  are  about  one  order  of  magnitude  higher  than  the  criterion  f''t  relamlnari- 
zation.  Therefore,  a  fully  turbulent  flow  doeo  not  develop.  A  transitional  flow  evolves 
along  the  whole  pressure  surface  with  a  delicate  balance  between  free  stream  turbulence 
and  pressure  gradient  effects.  With  increasing  distance  X,  the  accelerstion  parameters  K 
fall  and  the  free  stream  turbulence  penetrates  deeper  into  the  boundary  layer;  this 
leads  to  a  rise  in  the  heat  transfer  coefficients.  The  good  agreement  between  the  pre¬ 
dictions  and  the  data  Indicate  that  these  interactions  were  modelled  correctly. 


5.  Conclusions 

The  following  conclusions  may  be  drawn  from  the  calculations  presented  above; 

o  The  calculation  method  presented  in  this  paper  is  able  to  predict  laminar-turbulent 
transition  by  simulating  the  transport  of  turbulence  from  the  free  stream  into  the 
iaminar  boundary  layer.  Howev'er,  the  turbulence  Intensities  have  to  be  eufficiently 
large  (say  Tu  >  1%)  for  this  to  happen.  If,  under  this  condition,  suitable  initial 
profllee  for  the  turbulence  variables  are  specified,  a  realistic  prediction  of  the 
transition  process  emerges  without  further  empirical  changes  to  the  turbulence 
model.  In  some  cases,  transition  is  predicted  too  rapidly  when  compared  with  ex¬ 
perimental  data.  To  Improve  the  predictions  in  this  regard,  modifications  of  the 
low  Reynolds  number  functione  in  the  model  are  necessary. 

o  There  Is  a  lack  of  well  documented  experimental  data  in  transitional  flows,  so  that 
an  extensive  testing  of  any  model  under  various  influences  (e.g  pressure  gradients, 
curvature,  surface  roughness,  etc.)  is  rather  difficult. 

o  Realistic  results  can  be  obtained  for  heat  tranefer  coefficients  on  gas  turbine 
blades.  TYiis  is  especi.ally  true  for  the  pressure  surfaces  Where  the  model  was  able 
to  cope  with  the  opposing  influences  of  free  stream  turbulence  and  relaminariza- 
tion. 
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o  As  with  the  boundary  layer  studies  in  transitional  flows  there  is  a  shortage  of 
well-defined  test  cases  for  simulating  blade  boundary  layers.  This  hampers  the  de¬ 
velopment  of  prediction  procedures;  in  particular  more  enphasis  should  be  paid  in 
future  experimental  studies  to  provide  a  more  detailed  description  of  the  boundary 
conditions  and  the  flow  field. 
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8.  FIGURES 


Fig.  2.1:  Variation  of  the  coefficient  with  tur¬ 
bulence  intensity 


Fly.  2.2:  Initial  profiles  for  )t  and  t 
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Fig.  4.6',  Stanion  numbers  in  a  transltionai  Fig.  4.7:  Shape  factors  in  a  transitional 
accelerated  boundary  layer  with  flow  with  adverse  pressure  gra- 

high  free  stream  turbulence  dient  (Tu  =  1 .8%) 

(Tu  =  5.3%) 


Fig.  4.8:  Profile  of  the  investigated  Pig.  4.10:  Comparison  of  model  predictions  with 
turbine  blade  experimental  data  on  the  pressure 

surface 


rig.  4.9:  Comparison  of  model  predictions  with  expe¬ 
rimental  data  on  the  suction  surface 
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F.Tarada,  UK 

Your  dissipulioii  oquaiion  is  questiriniitilc  in  the  vciy-i>car-vv;\l(  region.  At  the  wiill  itscli'tlie  equalinit  would  reduce  to 
the  statement  'viscous  diftusion  of  anisotropic  dissipation  equals  zero' which  is  a  proposition  of  doubtftd  validity. 

Author’s  Reply 

It  is  true  that  the  viscous  diflusion  of  the  dissipation  rate  is  assumed  to  be  zero  in  the  model.  However  there  is  hardly 
any  experimental  evidence  to  defeat  the  validity  of  this  assumption.  For  practical  calculations  this  is  not  a  major  point.  It 
is  discussed  in  more  detail  in  the  paper  hy  I’atcl  (Ref.l  .^). 


S.F.Arora,  Ca  _ 

In  adverse  pressure  gradient  Hows,  the  turbulent  pressure  velocity  correlation  (pv)  of  turbulent  kinetic  energy  has  been 
shown  to  be  a  signiricant  term.  It  does  not  seem  to  have  been  included  in  your  mmlct.  Why  not'.’ 

Author’s  Reply 

In  the  turbulent  kinetic  energy  equation  we  do  not  neglect  it  but  we  lumped  it  together  with  the  gradient  diffusion 
model.  We  arc  not  explicitly  modelling  it.  'Hicrc  arc  other  studies  that  show  that  the  gradient  diffusion  model  is 
appropriate.  In  any  case  for  boundary  layers  the  diffusion  and  convection  terms  arc  vci  y  small  compared  to  the 
production. 
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ABSTRACT 

An  effective  method  of  cooling,  that  has  found  widespread  aoplication  in  aircraft  gas  turbines,  is  the 
injection  of  a  film  of  cooling  air  through  holes  into  the  hot  mainstream  gas  to  provide  a  buffer  layer 
between  the  hot  gas  and  the  airfoil  surface.  Film  cooling  has  been  extensively  investigated  and  the  results 
have  been  reported  in  the  literature.  However,  there  is  no  generalized  method  reported  in  the  literature  to 
predict  the  film  cooling  performance  as  influenced  by  the  major  variables.  A  generalized  film  cooling  cor¬ 
relation  has  been  developed,  utilizing  data  reported  in  the  literature,  for  constant  velocity  and  flat  plate 
boundary  layer  developnent.  This  work  provides  a  basic  understanding  of  the  complex  interaction  of  the 
najor  variables  affecting  film  cooling  performance. 
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=  Thermal  diffusivity  decay  parameter  Bp 

=  Cross-sectional  metering  area  of 
cooling  hole 

=  Hole  diameter 
=  Momentum  ratio  (p,Vf/p„V?.) 

c  y  y 

=  Exponential  constant 


0* 

5* 

'H 

n 

n 

An 


=  Slowing  ratio  (pjVj/pgVg) 

=  Number  of  rows  of  holes 
=  Pitch 

=  Equivalent  slot  Reynolds  number 

<'’c''cV‘'cl 
•  Slot  width 

=  Equivalent  slot  width 
=  Coolant  temperature 
=  Freestream  temperature 
=  Coolant  velocity 
=  Freestream  velocity 

=  Cool ant-to- freestream  velocity 
ratio 

=  Distance  downstream  from  Injection 
hole 

=  Hole  injection  angle 

=  Local  effectiveness  location 
(x/HSg) 


INTRODUCTION 

State  of  the  art  gas  turbine  engines  have  demonstrated  the  need  for  turbine  airfoil  film  cooling  to 
supplement  the  thermal  protection  achieved  through  highly  effective  airfoil  internal  convective  cooling 
schemes  (impingement,  trip  strips,  pedestal  fins,  etc).  Film  cooling  is  provided  by  one  or  more  rows  of 
discrete  coolant  holes.  Consequently,  the  designer  requires  the  capability  to  predict  the  distribution  of 
the  film  cooling  effectiveness  as  a  function  of  the  following  major  design  variables  (see  Fig.  1): 
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=  Peak  effectiveness  location  (x/MSg)p 

=  Critical  effectiveness  location 
at  which  diffusivity  (cu)  remains 
constant 

=  Boundary  layer  displacement  thickness 
=  Eddy  diffusivity  of  heat 
»  Eddy  diffusivity  of  momentum 

•  Film  effectivness  (local) 

=  Spanwise  average  film  effectiveness 

=  Spanwise  average  peak  film 
effectiveness 

=  Downstream  effectiveness  parameter 
°  coolant  absolute  viscosity 
=  Freestream  absolute  viscosity 
=  Freestream  kinematic  viscosity 
■=  Coolant  density 
=  Freestream  density 
“  Coolant-to-freestream  density  ratio 

*  Blowing  ratio  (M) 


(b) 

(b) 

(c) 


Freestream  flow 
Coolant  flow: 
Injection  geometry 


pgVg/pg,  Vg(x)  turbulencB,  surface  curvature. 


P/D, 


c/‘’g- 


N(^,  row  spacing. 


Extensive  research  reported  in  the  literature,  shows  that  one  parameter  of  major  importance  is  the 
coolant-to-freestream  density  ratio  (p./pg).  The  majority  of  film  cooling  experiments  have  been  performed 
with  low  density  ratio  (p^/pg  J1  1.0)  because  of  the  experimental  convenience  of  small  temperature  differences 
and/or  heating  of  the  Injected  flow,  This  results  in  a  major  uncertainty  in  the  extrapolation  of  effective¬ 
ness  data  to  turbine  design  conditions  where  P^/Pg  .1  2.0.  Some  experiments  have  used  air/freon  mixtures  for 
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Iho  coolant  flow  to  simulate  density  ratio  in  the  range  of  interest.  Despite  the  extensive  film  cooling 
research  to  date,  there  is  no  generalized  inethod  in  the  literature  to  predict  the  influence  of  density 
ratio  on  film  cooling  effectiveness. 

The  purpose  of  the  work  described  herein  was  to  use  the  film  cooling  effectiveness  data  in  the  litera¬ 
ture  to  develop  a  generalized  correlation  model  to  predict  the  film  cooling  effectweness  distribution  as 
a  function  of  the  blowing  ratio  (H),  density  ratio  (i>r/pg),  and  the  injection  geometry  for  rows  of  round 
holes.  The  study  was  restricted  to  a  consideration  of  fiat  plate  film  cooling  effectiveness  data.  Modeling 
of  that  case  was  considered  essential.  The  influence  of  freestream  acceleration  and  curvature  may  then  be 
isolated  through  experiments  utilizing  more  representative  airfoil  surfaces.  Furthermore,  attent’™!  in  this 
s»'.dy  was  focused  on  modeling  the  spanwise  (i.e.,  hole-to-hole)  average  effectiveness  (tt)  since  that  is  the 
initial  requirenent  of  a  film  cooling  design  system. 

This  paper  summarizes  the  film  cooling  effectiveness  data  selected  from  the  literature  and  identifies 
three  flow  regimes  that  characterize  the  effectiveness  distribution.  The  development  of  an  effectiveness 
correlation  model  is  presented  using  the  analytical  results  from  a  slot  film  cooling  boundary  layer  model 
and  a  discrete  hole  moving  energy  sink  model.  The  validity  of  the  correlation  is  demonstrated  by  comparison 
of  predicted  effectiveness  distributions  with  measured  data  from  primary  and  secondary  references. 

FLftT  PLATE  EFFECTIVENESS  DATA 


fin  extensive  literature  search  was  performed  to  asse'nble  a  comprehensive  bibliography  of  the  film  cooling 
literature  (38A  publications  from  1964-1983)  and  to  select  the  primary  sources  of  data  to  be  used  in  the 
development  of  the  flat  plate  effectiveness  correlation.  Considering  the  many  design  variables  that  influence 
the  effectiveness  distribu.ion  (M,  P(./P(,.  a<-.  P/D,  VgO/vg.)  the  difficulty  of  quantitatively  isolating  the 
influence  of  each  variable  was  compounded  by  the  necessity  to  compare  data  from  different  sources  where 
(a)  simultaneous  changes  in  more  than  one  variable  existed  and  (b)  the  influence  of  a  given  variable  was 
the  same  magnitude  as  the  uncertainty  in  the  data  between  sources.  As  a  consequence,  the  references  included 
in  the  flat  plate  effectiveness  data  base  were  screened  to  satisfy  the  following  criteria. 

1.  Data  only  from  test  plates  closely  approximating  adiabatic  surface  conditions  were  required.  (Experiments 
using  the  mass  transfer  technique  of  concentration  measurements  to  determine  the  impermeable  wall  efftc- 
tiveness  give  an  exact  Simulation  of  the  adiabatic  surface  condition.  Experiments  using  the  heat  transfer 
technique  (Tc  >  Tg)  require  a  test  plate  of  low  thermal  conductivity  to  minimize  wall  conduction  errors.) 

2.  Data  from  large  scale  test  plates  were  required  to  provide  detail  on  the  effectiveness  distribution  near 
the  coolant  holes  (x/D  <  5)  and  far  downstream  (x/D  >  100). 

3.  Data  only  from  single  row  or  multiple  rows  of  holes  (not  single  holes)  were  required. 

4.  Data  from  flat  test  plates  (Vg  =  constant)  with  low  freestream  turbulence  intensity  were  required. 

5.  High  quality,  quantitative  data  were  required  in  the  form  of  a  spanwise  average  effectiveness  distribu¬ 
tion,  n(x)*. 

The  references  selected  as  the  data  base  for  the  flat  plate  correlation  are  listed  in  Table  1  which  sum¬ 
marizes  the  range  of  parameters  for  which  effectiveness  data  are  reported.  The  data  from  the  primary  refer¬ 
ences  were  used  as  the  basis  for  the  correlation  developed  herein.  The  data  from  the  secondary  references 
were  used  to  indicate  the  Influence  of  select  variables  and  to  test  the  validity  of  the  correlation  developed. 
Some  important  features  from  key  references  are  stimniarized  below. 

Pedersen  (1),  using  the  mass  transfer  technique,  has  provided  a  comprehensive  study  of  the  influence  of 
coolant- to- freestream  density  ratio,  og/og,  for  a  single  injection  geometry.  Foster,  Lampard  (9)  also  inves¬ 
tigated  the  influence  of  Oc/°g  •'on  *  different  injection  angle. 

Goldstein,  Eckert,  Eriksen,  and  Ramsey  (3),  one  of  the  pioneer  studies  using  the  heat  transfer  technique, 
provide  a  sound  comparison  of  heat  transfer  and  mass  transfer  effectiveness  data  (low  density  ratio)  with  an 
injection  geometry  and  wind  tunnel  identical  to  Pedersen's. 

Blair,  Lander  (3)  and  Muska,  Fish,  Suo  (4),  using  the  heat  transfer  technique  (iow  density  ratio),  have 
provided  data  for  a  double  row  of  holes  with  a  different  value  of  P/0  and  a<;.  The  data  of  Afejuku  (5)  and 
Foster,  Lampard  (9,10)  (high  density  ratio)  provided  additional  information  to  assess  the  influence  of  injec¬ 
tion  angle. 

Afejuku  (5)  used  a  reduced  Injection  hole  diameter  (high  density  ratio)  to  duplicate  Pedersen's  (1) 
injection  geometry  and  investigate  the  superposition  of  coolant  films  from  two  rows  of  holes  spaced  10  to 
40  diameters  apart.  Similar  data  for  a  90“  injection  angle  also  were  presented. 

Kadotani  (6)  presented  an  extensive  evaluation  of  the  influence  of  the  boundary  layer  displacement  thick¬ 
ness  (4*/D)  through  the  variation  of  the  freestream  velocity.  Liess  (8)  investigated  o*/D  effects  by  varying 
the  injection  hole  diaaieter. 

The  Flat  Plate  Data  were  carefully  examined  tc  identify  trends  of  the  effectiveness  distribution,  n(x), 
that  must  be  represented  by  a  flat  plate  correlation  model.  Goldstein  (20)  presented  a  summary  of  seve.'al  2-D 
slot  injection  boundary  layer  models  appearing  in  the  literature.  The  key  parameter  characterizing  the  effec¬ 
tiveness  distribution  in  all  of  these  models  is  x/MS  where: 


*lt  should  be  noted  that  the  method  of  spanwise  averaging  may  have  a  .ignificant  influence  on  the  value  of  n 
near  the  holes  (x/D<10).  Previous  studies  (1,2, 3, 4, 5,6, 7)  obtained  local  data  n(x,z)  and  used  some  approxi 
mation  technique  (straight  line  segments,  curve  fitting,  etc.)  to  evaluate  the  integral  l/p/Pndz-  l.iess  (8) 
used  spanwise  copper  strips  to  measure  a  conduction  averaged  n.  In  the  subject  study,  tht  values  tor  n 
reported  by  each  author  were  used  directly.  No  attempt  was  made  to  modify  the  data  to  some  standardized 
method  of  averaging. 
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X  =  distance  downstream  from  the  injection  site 
M  =  coolant  blowing  ratio  =  <’(-V,/pnV_ 

S  =  slot  width 

Previous  studies  (12)  for  film  coolant  injection  through  a  row  of  holes  have  shown  the  applicability  of 
the  parameter  x/HSg  for  correlating  the  effectiveness  for  discrete  hole  injection  by  defining 

Se  =  equivalent  slot  width  =  ^hole^** 

Se/0  =  =  (it/4)/(P/D) 

The  initial  step  in  developing  the  effectiveness  correlation  model  described  herein  was  an  examination  of 
the  effectiveness  distribution  n  vs  x/H'e.  In  general,  the  effectiveness  distribution  for  injection  from 
holes  is  governed  by  M,  which  indicates  the  relative  thermal  capacity  of  the  injected  coolant  mass  flow,  and 
also  by  the  Individual  values  of  Pc/Pg  sp'I  '^c/'^g*  wh’th  indicate  the  extent  of  the  penetration  and  mixing  of 
the  coolant  with  the  freestreani. 


Figure  2  presents  some  of  Pedersen's  (1)  data  showing  the  trends  in  the  effectiveness  distribution,  ti  vs. 
(x/MS^),  as  a  function  of  H  and  Pf/P,j-  Examination  ot  the  data  revealed  the  following  major  trends  charac¬ 
terizing  the  eff-.-ctiveness  distribution: 


1.  For  low  M  and/or  high  Pc/Pg>  the  effectiveness  distribution  exhibits  a  typical  decay  trend  'ndicating 
fi'o(x/MSe)''’,  where  the  slope  on  log-log  coordinates  is  approximated  by  m  =  -0.6  for  x/MSg  up  to  1000. 
Furthermore,  the  effectiveness  level  near  the  holes  (low  x/llSg)  may  be  noticably  greater  than  or  less 
than  the  coverage,  depending  on  the  value  of  o^/Og. 

2-  For  M  :<  0.2  the  effectiveness  distribution  is  independent  of  Op/Pg. 

3.  As  M  increases  above  0.2,  the  typical  decay  trend  is  observed  but  the  effectiveness  distribution  depends 
on  M  and  on  Pc/Pg  ('.e.  Vr/Vg).  For  a  given  M,  the  effectiveness  level  decreases  as  Pc/Pg  decreases  and 
Vj/Vg  increases.  This  effect  is  observed  when  V^/Vg  >  O./.5. 

4.  When  Vc/Vq  increases  above  u.oa,  the  trend  of  effectiveness  changes  with  x/MSc  (for  x/HSg  <  100).  The 
data  show^effectiveness  increasing  with  x/HSg  for  large  velocity  ratios,  1.0  <  Vq/Vg  <  2.0. 

Previous  woiScs  have  attempted  to  characterize  the  complex  influence  of  Pp/Pg  in  terms  of  the  momentum 
ratio,  I  =  Pc'i?/PgVg-  nionientijm  ratio  is  recognized  as  a  key  physical  parameter;  however,  it  was  con¬ 
cluded  in  the  course  of  this  study  that  the  complex  coolant  penetration  and  coolant/freestream  mixing 
processes  cannot  be  adequately  characterized  by  simply  using  I  to  account  for  the  effect  of  Pp/Pg.  This  is 
illustrated  in  Figure  3  by  comparing  Pedersen's  data  (1)  at  constant  momentum  ratio.  A  similar  conclusion 
regarding  the  Importance  of  Pt/Pq  was  reached  by  Foster,  Lamparct  (9).  Consequently,  in  dovclopino  a  predic¬ 
tion  correlation,  it  was  decided’to  characterize  the  "coolant  injection  condition"  in  terms  of  M  (thermal 
capacity)  and  the  individual  values  of  P 
between  density  ratio  and  velocity  ratio 


p/Pn  and  Vr/Vn  (penetration  and  mixing)  and  to  define  the  relationship 
from  the  data. 


Figure  4  presents  some  of  the  data  of  Blair,  Lander  (3)  and  Muska,  Fish,  and  Suo  (4)  showing  the  effec¬ 
tiveness  distribution  as  a  function  of  H  for  a  double  row  of  holes  (  op  =  30,  P/D  =  2)  where  the  density  ratio 
was  constant,  Pc/Pg  “  '-I-  Ttie  downstream  distance  (x)  was  measured  from  the  center  of  the  downstream  coolant 
hole.  The  equivalent  slot  width  {Sg)  was  defined  using  the  area  of  the  coolant  holes  in  both  rows.  Exami  ia- 
tion  of  the  data  from  this  large  Scale  experiment  reveals  some  important  trends: 

1.  The  typical  dec.'.y  rate  determined  from  this  set  of  data  confirms  the  conclusion  drawn  from  the  Pedersen  (1) 
data,  i .e.  slope  =  -0.5. 

2.  For  Vp.'Vg  =  0.62,  the  effectivness  increases  with  x/MSg  near  the  holes,  followed  by  a  typical  effective¬ 
ness  decay. 

3.  For  Vp/Vg  =  0.32,  the  effectiveness  increases  gradually  toward  a  peak  level  followed  by  a  typical  effec¬ 
tiveness  decay. 

4.  A  peak  effectiveness  level  that  does  not  exceed  0.77  occurs  substantially  downstream  from  the  double  row 
of  holes  that  have  100%  coverage. 

The  foregoing  trends  observed  from  the  data  of  Pedersen  (1)  suggested  the  definition  of  the  following 
regimes  characterizing  the  effectiveness  distribution: 

1.  Hass  Addition  Regime  (mas)  - 

Effectiveness  level  increases  with  H  due  to  increased  thermal  capacity  of  the  coolant,  but  the  effective¬ 
ness  distribution  is  independent  of  the  individual  values  of  Pc/Pg  and  Vp/Vg. 

2.  Mixing  Regime  (mix)  - 

Effectiveness  distribution  depends  on  H  and  Pc/®g  (or  Vq/Vg)  due  to  the  opposing  influence  of  (a)  increased 
coolant  thermal  capacity  (nt  as  Mf),  and  (b)  increased  coolant/freestream  mixing  and  penetration 
(nf  as  Vp/Vgf,  Pp/Pgl). 

3.  Penetration  Regime  (pen)  - 

Effectiveness  distribution  is  dominated  by  a  complex  interaction  of  (a)  excessive  "oolant  penetration  and 
augmented  turbulent  diffusivity  ;'ue  to  a  high  velocity  ratio,  and  (b)  turbulent  diffusion  of  the  cool  "'s 
thermal  effect  toward  the  surface. 

These  three  regiiies  we»x:  found  to  be  useful  in  characterizing  the  flat  plate  effectiveness  data  from  all 
references.  The  values  of  v'e/Vq  defining  the  regime  boundaries  for  one  injection  geometry  deternined  from 
the  data  of  Pedersen  (1)  we.-e: 


I'M 


1.  Mass  Addition  Regime 
V^/Vg  1  0.25 

2.  Mixing  Regime 
0.25  <  Vc/Vg  <  0.8 


“c  =  35“ 
P/)  =  3 


3.  Penetration  Regime  I  N  =  1 

V(./Vg  >0.8  J 

Examination  of  the  data  of  Blair,  Lander  (3)  and  Muska,  et  a1  (4)  showed  that  the  value  of  V(,/Vg  defining 
the  mixing/penetration  regime  boundary  varied  with  geo';rtry. 


The  consistency  of  the  large  scale  effectiveness  data  of  Pedersen  (1)  and  Blair,  Lander  (3),  Muska,  et  al 
(4)  revealed  features  of  the  effectiveness  distribution  that  could  be  described  by  the  definition  of  the 
following  parameters: 


Peak  Effectiveness  Level  (op) 


Peak 


Peak  level  of  effectiveness  is  observed  at  sotae  point  downstream  from  the  coolant  injection.  The  effec¬ 
tiveness  increases  with  (x/M5g)  up  to  op,  apparently  due  to  diffusion  of  the  coolant's  thermal  effect 
hole-to-hnle  and  toward  the  surface.  For  the  mass  addition  regime,  Op  would  occur  very  near  the  coolant 
hole  giving  the  appearance  of  maximum  effectiveness  at  the  hole.  For  the  mixing  regime,  Op  is  clearly 
observed  on  large  scale  experiments,  in  the  range  10  <  x/D  <  25.  hp  may  occur  as  far  downstream  as 
x/D  =  80  for  the  penetration  regime,  depending  on  Vc/Vg. 

Effectiveness  Location  (dp) 


Bn  (x/M5e)p  defines  the  surface  location  to  tire  peak  level  of  effectiveness.  The  data  show  that  the 
peak  level  or  effectiveness  generally  does  not  occur  at  the  injection  holes  except  in  the  mass  addition 
regime.  There  is  apparently  sorite  transport  time,  I.e.  downstream  distance,  for  the  thermal  effect  of 
the  coolant  to  diffuse  hole-to-hole  and  toward  the  surface  In  the  mixing  and  penetration  regimes. 


The  concept  of  a  peak  effectiveness  level  (np)  and  the  corresponding  surface  location  of  the  peak  (np)  is 
a  fundamental  feature  of  the  effectiveness  correlation  model  described  herein. 


CORRELATION  OF  FLAT  PLATE  EFFECTIVENESS  DATA 

One  major  goal  in  the  present  study  was  to  develop  an  effectiveness  equation  that  was: 

1.  capable  of  representing  the  varied  effectiveness  distributions  identified  from  data  for  the  mass 
addition,  mixing,  and  peneirat’on  regimes,  and 

2.  compatible  with  accepted  !.  lunde^y  layer  description  of  the  flow  downstream  from  the  coolant  injection 
site. 

Near  the  injection  site,  with  injection  from  a  row  (or  rows)  of  holes,  a  ftat  or  rising  effectiveness 
distribution  can  he  exhibited  over  long  surface  distances,  depending  on  the  value  of  velocity  ratio.  _The 
effectiveness  distribution  should  be  go-vemed  by  boundary  layer  characteristics  exhibiting  a  typical  n  vs. 
(x/MSg)  decay  for  distances  far  downstream  from  injection. 

The  moving  energy  sink  solution  given  by  Burggraf  (13)  and  Kadotani ,  Goldstein  (14)  (assuming  constant 
turbulent  thermal  diffusivity)  yields  an  effectiveness  equation  tnat  incorporates  those  trends  and  is  of 
the  form: 

n  =  np(s/Bp)-’/^  el/2[l-{B/Bp)-’]  (1) 

where  S  ”  x/MSn.  The  iixiving  energy  sink  model  approximates  the  temperature  field  due  to  coolant  Injection 
through  a  single  hole  as  a  point  energy  sink  over  the  cooling  hole.  The  strength  of  the  sink  results  in  a 
three-dimensinnal  temperature  distribution  in  the  infinite  nKdium  (mainstream  flow)  moving  in  steady  uniform 
flow  past  the  sink.  Spatially,  an  effectiveness  distribution  along  the  wall  can  be  obtained  and,  for  multiple 
holes,  a  spanwise  average  film  effectiveness  distribution  can  be  obtained  by  Integrating  over  the  pitch. 

This  moving  energy  sink  solution  requires  two  unique  constants,  np  and  Ap,  which  are  the  values  of  the 
peak  film  effectiveness  and  tha  location  of  the  peak  film  effectiveness.  The  film  effectiveness  far  down¬ 
stream  is  proportional  to  bp>'(lp>  effectiveness  decay  slope  (-0.5)  that  agrees  with  the  trends 

exhibited  by  the  data.  This  is  shown  schematically  in  Figure  5. 

_Initial1y,  eg.  (1)  was  used  to  curve  fit  the  effectiveness  data,  using  downstream  data  to  evaluate 
op'^Bp,  and  obtaining  Op  by  ins^ction.  The  value  of  6p  was  calculated.  It  was  found  that  any  individual  data 
set  in  the  mass  addition  and  mixing  reginx’S  could  be  accurately  represented  by  appropriate  choice  of  constants 

(np,  Op.^p). 

For  the  effectiveness  data  in  the  penetration  regiti«,  it  was  found  that  eg,  (1)  was  not  adequate  to 
represent  the  rising/flat  trend  of  the  data  over  largo  distances  (0  <  x/0  <  100).  The  exponential  term 
dependent  on  one  constant  (Bp)  was  not  capable  of  offsetting  the  decay  term  to  yield  the  rising/flat 
trend.  It  was  concluded  that  eg.  (1)  was  not  suitable  as  a  general  effectiveness  equation  for  all  three 
regimes  (mas,  mix,  pen). 

To  obtain  an  effectiveness  equation  suitable  for  all  three  regimes,  an  empirical  modification  of  eg.  (1) 
was  introduced  to  allow  for  a  thermal  diffusivity  that  decays  with  distance  from  the  injection  site.  The 
resulting  effectiveness  equation  is:  ,  , 

n-np',B/Bp)<^-’)/''  ^ 


(2) 
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The  additional  empirical  constant,  “a",  represents  the  exponent  corresponding  to  a  power  law  decay  of  the 
thermal  diffusivity. 

The  concept  of  a  decaying  thermal  diffusivity  was  prompted  by  previous  film  cooling  studies  that  used  the 
moving  energy  sink  model  to  curvefit  effectiveness  data.  Ramsey  (lb, 16),  triksen,  et  al  (17)  and  Kadotani  (6) 
found  a  decaying  trend  for  e(,(x)  implied  by  the  effectiveness  data.  The  value  of  ^^(x)  required  for  the 
moving  energy  sink  equation  to  fit  the  data  was  largest  at  the  coolant  hcles  and  decayed  to  'oroc  asymptotic 
limit  as  x/D  increased.  This  trend  is  consistent  with  experimental  boundary  layer  measurements  on  a  film 
cooled  sur'^ace.  Tavuzkurt,  ct  al  (18)  used  hot  wire  measurements  and  the  mixing  length  model  to  determine  the 
eddy  diffusivity,  cm(x),  showing  a  peak  level  near  injection  and  a  decay  of  downstream.  Cravrford,  et  al 

(19)  modeled  the  diffusivity  distribution  as  an  .exponential  decay  and  showed  good  agreement  between  predicted 
and  measured  heat  transfer  distributions  for  a  turbulent  film  cooled  flat  plate. 

The  choice  of  a  power  law  decay  for  the  thermal  diffusivity  in  eq.  (2)  (rather  than  an  exponential  decay) 
required  the  specification  of  some  location  alonq  the  surface,  0  ®  (x/MS^)  ♦  where  the  decay  of  the  diffu- 
sivity  terminates.  It  would  be  unrealistic  to  allow  the  diffusivity  to  decay  below  the  level  typical  of  the 
turbulent  boundary  layer.  Film  effectiveness  data  in  the  penetration  regime  did  not  extend  sufficiently  far 
downstream  to  accurately  determine  the  location,  e*.  where  the  decaying  diffusivity  remained  a  constant. 
Therefore,  it  was  assumed  that  the  diffusivity  remained  a  constant  beginning  at  the  peak  effectiveness  loca¬ 
tion,  Bp. 

Using  eq.  (2),  with  decaying  diffusivity  (a  >  0)  for  6  <  Bp,  and  constant  diffusivity  (a  =  0)  for  b  i  Bp* 
the  generalized  eHectiveness  equation  utilized  in  the  present  study  was  (see  Figure  C); 


6  ^  6„ 


(Z) 


(e/S J'l/Z  e»/2[l-(6/Bp)*’] 


B  >  Bp 

n  =  np. 

B  »  Bp 

n  »  np/B;  e1/2  B'’^^ 


(2a) 


(Zb) 


Three  empirict'.  constants  (np,  np/cT,  a)  were  required  to  curve  fit  measured  effectiveness  data.  The  proce¬ 
dure  was  modified  by  selectihg  vSlufes  for  "a",  to  obtain  the  best  fit  of  the  data. 


The  effectiveness  data  for  each  experimental  test  condition  (H,pc/pu,  Injection  geometry)  from  the 
Primary  References  (1),  (2),  (3),  (4)  (Table  1)  were  curve  fit  to  determfne  the  empirical  constants.  The 
three  constants  were  determined  by  iteration  to  obtain  the  smallest  difference  in  effectiveness  between  pre¬ 
diction  and  data,  over  the  range  (x/0)  of  each  data  set.  During  this  process,  each  constant  was  required  to 
exhibit  a  smooth  variation  with  respect  to  M,  Pc/Pg,  Vc/Vg,  P/D  and  to  facilitate  correlation  of  the 
empirical  constants*. 

Curve  fitting  of  the  data  of  Pedersen  (1).  Goldstein,  et  al  (2),  and  Blair,  Lander  (3),  Huska,  et  al  (4) 
resulted  In  the  constants  listed  in  Table  2.  The  injection  conditions  listed  in  Table  2  are  classified 
according  to  the  flow  regimes  (mas,  mix,  pen)  Identified  from  the  data.  Ir.  general,  the  curve  fits  represent 
the  data  within  an  effectiveness  band  width  of  ±0.02  for  the  worst  case  and  ±0.01  (or  better)  for  most  cases 
for  the  entire  range  of  H,  Pq/Pg 

F.xamination  of  the  curve  fit  constants  in  Table  2  revealed  several  important  trends. 

1.  The  peak  effectiveness  (np)  for  a  given  M  decreases  as  the  velocity  ratio  (Vg/Vg)  increases  in  the  mixing 
regime. 

2.  The  peak  effectiveness  (bp)  for  a  given  M  tends  to  decrease  and  then  increase  as  the  velocity  ratio 
(Vg/Vg)  increases  in  the  penetration  regime. 

3.  The  downstream  parameter  (bp*^)  Increases  with  M  and  approaches  an  asymptotic  limit  for  large  M  with 
a  given  value  of  Pc/pg. 

4.  The  peak  effectiveness  (np)  increases  as  the  hole-to-hole  spacing  (P/D)  decreases  for  given  values  of 

pg/pg  and  M. 

5.  The  downstream  constant  (bp/B^)  increases  as  (P/O)  decreases  for  given  values  of  Pg/Pg  and  M. 

It  should  be  noted  that  no  data  In  the  literature  are  sufficient  to  conclusively  verity  trend  3  above. 


Correlat ion  of  Peak  Effectiveness  Parameter 

In  general,  the  peak  effectiveness  (np)  wus  found  to  vary  with  H,  Pg/Pq  (or  Vg/Vn),  P/D  and  oc  The  data 
of  Pedersen  (1),  for  constant  ;'c/Pq.  showed  that  np  decreased  as  Vg/Vg  Increased  in  the  mixing  regime.  Select 
points  for  Vg/V,.  =  constant  (Table  2,  Vg/Vg  '  0.53,  0,69)  showed  that  bp  increased  as  Pg/pg  increased.  A 
parameter  Of  the  form  np/(pg^g)b  was  found  to  correlate  the  Influence  of  density  ratio,  with  the  data  of 
Pedersen  (1)  and  Foster,  Lampard  (9)  Indicating  a  value  of  b  =  1/3. 

The  peak  effectiveness  was  found  to  level  out  and  increase  gradually  as  Vg/Vg  increased  in  the  penetra¬ 
tion  regime.  The  limited  data  (1,2)  available  shows  np/(Pg/Pg)''’  to  be  a  unique  function  of  velocity  ratio 
for  both  the  mixing  and  penetration  regipnes. 


*It  sTiOPirdTe'  noted 
signifi'-ant  change 


that  when  on  is  low  (o.g.  “  C.10),  small  uncertainties  in  bp  (e.g.  0.02)  can  a 

in  the  effectiveness  distribution  due  to  the  squaring  of  the  uncertainty,  Bp  =  (np/B^/bpj^. 
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The  iTOving  energy  sink  model  was  utilized  to  develop  a  parameter  to  correlate  the  Influence  of  P/D. 

The  expression  for  the  peak  effectiveness  indicates  a  direct  dependence  of  hp  on  Sg/D  and  H,  and  an  indirect 
dependence  of  np  on  ^c/dg  and  Vc/Vq.  The  best  correlation  was  obtained  with  np/(Pj/pgj '/^(Se/O)  as  a 
function  of  Vc/Vq.  Figure  7  presents  the  correlation  of  all  data  of  Pedersen  (1)  and  Goldstein,  et  al  (2). 

An  analytic  function  was  defined  to  represent  the  correlation  of  the  data  for  hp/lp^/ 
shown  in  Figure  7.  The  fo’ lowing  physical  constraints  were  postulated  to  ensure  correlati 
trends  that  are  consistent  with  physical  reasoning: 

1.  np  =  0  when  M  =  0,  i.e.,  Vc/Vg  =  0; 

2.  lip  increases  as  M  increases  in  the  mass  addition  regime: 

3.  Op  decreases  as  (Vg/Vg)  increases  in  the  mixing  regime; 

4.  The  onset  of  the  penetration  regime  occurs  when  the  velocity  ratio  exceeds  a  critical  value,  (Vc/Vgjpgg. 

5.  hp  approaches  an  asymptotic  limit  as  Vc/Vg  increases  in  the  penetration  regime. 


Pg)‘/3(Se/D) 
on  function 


Correlation  of  Downstream  E ffectivencss  Parameter 


The  moving  energy  sink  model  was  also  examined  to  determine  the  parameters  that  influence  the  downstream 
effectiveness  constant,  The  nxidel  suggested  the  form,  hp’'ii>p/(Se/D)'/F-,  as  a  useful  quantity  for  cor¬ 

relating  the  influence  of  geometry. 

_ _ Figure  8  illustrates  the  data  of  Pedersen  (1)  showing  the  influence  of  blowing  ratio  and  density  ratio  on 

npvBpyjjg^gj  1/2.  Qjjg  major  trend  inferred  from  the  data  was  that  Op/Sp  increases  with  M  and  reached  an  asymp¬ 
totic  limit  for  H  =  .5.  Figure  8  shows  that  the  asymptotic  limit  for  np/^  decreases  as  Pc^g  decreases. 

A  mathematical  function  was  defined  tn  obtain  a  correlation  of  the  data  shown  in  Figure  8.  The  followino 
constraints  were  imposed  to  ensure  correlation  function  trends  that  are  consistent  with  physical  reasoning: 

1.  np/i?j^  =  0  when  H  =  0. 

2.  At  low  H,  the  parameter  np/5^  increases  with  H  due  to  a  mass  addition  effect. 

3.  The  beneficial  effect  of  mass  addition  deteriorates  due  to  enhanced  coolant  penetration  and  mixing  as  H 
and/or  Vc/Vg  increase, 

4.  An  asymptotic  limit  for  as  H  increases  results  when  the  enhanced  penetration  and  mixing  cancels  the 
bohcfitial  effects  of  mass  addition. 

Postulates  1  and  4  are  required  for  physically  realistic  limits  as  the  coolant  blowing  ratio  is  reduced 
toward  zero  or  increased  to  extreme  values,  dustificatiun  for  2  and  3  is  based  on  observations  from  the 
data  of  Pedersen  (1). 


Correlation  of  Thermal  Diffusivity  Decay  Parameter 

The  moving  energy  sink  solution  for  a  constant  thermal  diffusivity  (eq.  (1))  was  found  suitable  for 
representing  the  effectiveness  distribution  for  the  mass  addition  and  mixing  regimes.  However,  for  high 
blowing  ratio  (M)  and/or  low  density  ratio  (pc/pg),  the  rising/flat  effectiveness  distribution  characteristic 
of  the  penetration  regime  was  not  represented  by "^eq.  (1).  In  view  o',  the  importance  of  valid  effectiveness 
predictions  for  high  H  (V(./Vg  >  0.8)  characteristic  of  the  turbine  airfoil  pressure  (concave)  surface,  it  was 
considered  essential  that  the  effectiveness  correlation  equation  be  capable  of  representing  the  effectiveness 
distribution  for  all  three  regimes,  iherefore,  the  moving  energy  sink  solution  was  modified  to  incorporate 
the  decay  of  the  thermal  diffusivity  away  from  the  injection  site. 

The  values  of  the  diffusivity  decay  parameter  required  *o  fit  the  penetration  regime  data  of  Pedersen  (1) 
and  Goldstein,  et  al  (2)  arc  illustrated  in  Figure  9.  It  was  observed  that  "a"  decreased  as  Vg/Vg  increased 
for  a  given  injection  geometry.  The  data  of  Pedersen  and  Goldst.yin,  et  al  provided  a  smooth  variation  of  "a" 
for  0.89  <  Vc/Vg  <  2.37.  For  simplicity,  it  was  desired  to  correlate  "a"  with  parameters  already  defined. 
Therefore','  a  simple  correlation  was  found  using  "a"  vs.  (Vg/Vg)/(Vg/Vg)pen'  The  solid  line  in  Figure  9  is  a 
mathematical  correlation  of  the  data  for  "a”,  it  was  reasoned  that  "a"  Spproaches  zero  ns  Vc/Vq  approaches 
zero,  i.e.,  no  diffusivity  decay  For  low  blowing  ratio.  In  view  of  the  limited  data,  the  complexity  of  the 
penetration  regime  phenomena  and  the  empirical  parameter  "a"  Introduced  to  provide  a  simple  model,  the  corre¬ 
lation  for  "a"  should  receive  further  scrutiny  to  '.fetermine  its  generality. 


Correlation  Development 

The  data  of  Pedersen  (1),  the  primary  reference  used  in  developing  the  film  effectiveness  correlation, 
are  shown  by  the  symbols  in  Figures  10.  The  solid  lines  represent  the  prediction  from  the  effectiveness 
correlation  correlation  using  the  mathcmaticaliy  derived  fit  of  tt  >  constants  (nn/(Fc/F<i)'' ^(Se/D) , 

and  "a"). 

In  general,  the  agreement  between  the  predicted  effectiveness  i  id  the  data  of  Pedersen  (1)  is  excellent, 
with  a  typical  error  of  0.01  in  effectiveness. 

When  the  correlation  developed  from  Pedersen's  data  was  applied  to  other  primary  and  secondary  refer¬ 
ences,  it  was  observed  that  reveral  modifications  were  required  to  predict  the  film  effectiveness  for  other 
values  of  Hcynolds  number,  VyD/'’y  and  hole  angle,  Og. 

The  correlation  developed  from  d-ita  in  the  literature  based  on  the  moving  energy  sink  model  has  an  effec' 
tivenoss  decay  of  Far  downstream  from  the  injection  holes.  As  demonstrated,  this  trend  is  in  good  agree¬ 
ment  with  all  flat  plate  effectiveness  data.  Analysis  of  a  film  cooled  turbulent  boundary  layer  (21) 
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suqijubts  that  tlie  effectiveness  level  far  downstream  from  the  injection  site  should  vary  as  (x/MS)*'’  ®  and 
(Roj  iic/hg)®-^  if  a  typical  1/7  power  law  turbulent  profile  is  assumed.  However,  analysis  and  data  for  2D 
slot  injection  indicate  that  the  slope  of  effectiveness  with  x/MS  approaches  -0.8  at  values  of  x/MS  >  1000. 
This  could  not  be  verified  by  the  data  for  d’serete  hole  coolant  injection  because  of  the  limited  range  of 
x/HS,.  It  is  expected  that  the  downstream  effectiveness  decay  rate  will  increase  to  that  typical  of  turbu¬ 
lent  boundary  layer  development.  The  level  of  film  effectiveness  far  downstream  should  be  directly  dependent 
on  the  Reynolds  nunter  to  the  0.2  power.  Therefore,  the  downstream  effectiveness  constant  (hp/Tp)  defined 
by  the  moving  energy  sink  mode!  should  be  dependent  on  the  equivalent  slot  Reynolds  nuirber  to  the  0.2  power. 

This  effect  was  verified  by  several  sources  of  data.  Afejuku  (5)  and  Foster,  Lainpard  (10)  used  Pedersen' s 
geometry.  However,  their  hole  diameter  and  free-stream  velocity  conditions  resulted  in  a  Reynolds  number 
that  was  approximately  one-third  of  the  Reynolds  number  Pedersen  tested.  Afejuku's  effectiveness  levels,  for 
the  iii’xing  regime  (Vc/Vg  <  0.8),  wore  lower  than  Pedersen's  as  expected  by  the  turbulent  boundary  layer 
analysis. 

Comparison  of  Afejuku  and  Pedersen's  data  in  the  penetration  regime  shows  a  trend  opposite  that  expected 
from  the  turbulent  boundary  layer  analysis.  This  could  imply  that  the  peak  effectiveness  correlation  from 
Pedersen's  data  regiiircs  a  Reynolds  number  correction  for  the  penetration  regime. 

Leiss  (8)  conducted  experiments  investigating  equivalent  slot  Reynolds  number  effects  with  Pedersen's 
geometry  by  varying  hole  size  and  freestream  velocity.  His  tests  were  conducted  in  the  mixing  regime,  and 
the  trends  of  the  effectiveness  data  could  also  be  explained  by  the  aforementioned  change  in  equivalent  slot 
Reynolds  number.  The  trends  of  the  mixing  regime  data  obtained  by  other  investigations  (6,7),  also  utilizing 
Pedersen's  geometry,  with  different  equivalent  slot  Reynolds  number,  also  could  be  predicted  with  a  Reynolds 
number  correction  on  the  dewnstream  effectiveness  constant  (ip/BT).  Consequently,  there  appears  tc  be  an 
ordered  trend  of  downstream  effectiveness  with  slot  Reynolds  number  in  the  mixing  regime.  However,  there 
were  insufficient  data  to  conclude  that  this  trend  applies  in  the  penetration  regime. 


Tht  effect  of  the  injection  angle  on  film  cooling  for  a  fixed  hole  spacing  was  reported  for  35“,  55°,  and 
90°  by  several  investigators  (S,9,10).  In  examining  the  data,  it  was  concluded  that  the  downstream  effective¬ 
ness  constant  (hp>^)  is  unaffected  by  the  injection  angle.  The  critical  velocity  ratio  defining  the  onset  of 
the  penetration  regime  and  the  peak  effectiveness  (np)  was  found  to  be  directly  affected  by  changes  in  the 
injection  angle.  Figure  11  shows  the  adjustments  required  in  correlating  peak  effectiveness  as  a  function  of 
velocity  ratio  for  the  injection  angles  reported  in  the  literature.  A  decrease  In  peak  effectiveness  is 
observed  at  low  coolant- to- freestream  velocity  ratios  as  the  injection  angle  is  increased.  At  high  velocity 
ratios,  indicative  of  the  penetration  regime,  the  peak  effectiveness  is  insensitive  to  injection  angle. 


The  critical  velocity  ratio  defining  the  onset  of  the  penetration  regime  was  found  to  be  inversely  propor¬ 
tional  to  the  sine  of  the  injection  angle.  The  critical  velocity  ratio  is  infinite,  for  shallow  injection 
(«c  “  0)'  since  the  coolant  flow  does  not  penetrate  the  boundary  layer.  However,  as  the  angle  of  the  coolant 
hole  is  increased  the  critical  velocity  ratio  defining  the  onset  of  penetration  decreases. 


Comparison  with  Reference  Data 

The  generalized  correlation  developed  was  evaluated  against  all  the  data  from  the  primary  and  secondary 
reference  sources  In  Table  1.  In  general,  good  predictive  agreement  was  found  with  the  reported  data.  It 
should  be  noted  that  che  experimental  data  obtained  from  the  several  references  have  inherently  different 
sources  and  inagiiitude  of  cxperliiwntal  error.  This  is  due  to  the  use  of  different  wind  tunnels,  instrumenta¬ 
tion  and  methods  of  measuring  and  defining  average  film  effectiveness.  However,  examples  of  the  predictive 
capability  of  the  correlation  are  shown  by  comparing  the  trends  predicted  by  the  correlation  with  measured 
data  to  illustrate  the  effect  of:  1)  Reynolds  number,  2)  hole  angle  and  3)  hole  spac1ng-to-diameter  ratio 
(R/D). 

The  data  reported  in  the  literature  were  obtained  from  both  mass  transfer  and  heat  transfer  measurements. 
The  primary  correlation  developed  from  Pedersen's  oata  (mess  transfer)  can  be  directly  applied  to  the  heat 
transfer  data  of  Goldstein,  et  al  (2)  as  demonstrated  in  Figure  12.  The  comparison  to  measured  data  is  made 
for  the  same  coolant  hole  geometry  and  vjind  tunnel  utilized  by  Pedersen  bat  with  a  Reynolds  number  that  is  2x 
larger.  The  prediction  compares  favorably  to  the  results,  where  the  maximum  deviation  in  effectiveness  is 
0.02  and  typically  deviates  only  0.01. 

The  effect  of  Reynolds  number  (VgO/vg)  was  examined  further  by  comparing  the  prediction  to  the  data  of 
Pedersen  (1),  Afejuku  (5),  and  Foster,  Lampard  (10)  for  the  same  coolaiit  hole  geometry,  Afejuku  and  Foster, 
Lampard  utilizeu  a  Reynolds  nunfier  that  was  approximately  one-third  that  of  Pedersen.  Figure  13  shows  a  com¬ 
parison  of  the  predictions  to  the  data.  The  dashed  line  represents  the  prediction  for  Pedersen's  Reynold's 
number,  which  is  in  good  agreement  with  the  data.  The  solid  line  represents  the  prediction  for  the  Afejuku 
and  Foster,  Lampard  case  which  also  is  in  good  agreement  with  the  data  for  most  of  the  test  surface  (25  < 
x/0  _<  126).  Near  the  coolant,  holes  (5  £  x/D  <  25)  there  is  a  significant  variation  between  the  two  data 
sources  and  the  prediction.  Experiments  by  Goldstein,  Yoshida  (7)  suggest  that  such  discrepancies  may  be  due 
to  variations  in  the  coolant  velocity  profile  at  injection. 

The  correlation  was  further  tested  by  evaluating  the  effect  of  the  injection  angle.  Foster  and  Lampard 
(10)  obtained  data  for  35°,  55°  and  90°  injection  geometries.  Mgure  14  shows  favorable  agreement  of  the 
prediction  to  the  neasured  data.  There  are  insufficient  data  in  the  literature  to  completely  test  the  model 
for  a  large  range  of  conditions  for  different  injection  angles. 

A  comparison  for  a  coolant  hole  geometry  different  from  Pedersen's  is  shown  in  Figure  15.  These  data 
were  reported  by  Blair.  Lander  (3)  and  Huska,  Fish,  Suo  (4)  for  a  two-row  geometry  with  a  pitch-to  diameter 
ratio  of  2.0  and  injection  angle  of  30  degrees  (Pedersen's  values  were  one-row,  3.0  and  35°,  respectively). 

The  primary  effect  on  the  effectiveness  prediction  was  caused  by  a  reduction  in  P/D  and  not  hole  angle.  Figure 
15  shows  excellent  agreement  between  the  prediction  and  data  indicating  that  the  geometry  parameter  (P/D) 

Is  adequately  represented  in  the  correlation. 


CONCLUSIONS 


1.  A  film  effectiveness  prediction  model  has  been  developed  for  a  row  or  multiple  rows  of  round  holes  from 
flat  plate  data  that  accurately  predicts  the  effect  of  p^/Og,  Vc/Vg,  geometry  and  equivalent  slot  Reynolds 
number. 

2.  Three  flow  regimes,  mass  addition,  mixing  and  penetration  identified  from  film  effectiveness  data  aided 
development  of  the  correlation,  the  regimes  are  dependent  on  the  coolant-to-freestream  velocity  ratio. 
Steeper  coolant  injection  angles  cause  the  penetration  regime  to  occur  at  lower  velocity  ratios. 

3.  A  model  resulting  from  a  constant  thermal  diffusivity  assumption  was  acceptable  for  predicting  data  in  the 
mass  addition  and  mixing  regimes.  The  model  required  a  decaying  thermal  diffusivity  assumption  to  accu¬ 
rately  predict  data  in  the  penetration  regime.  Three  correlative  constants  were  required:  Peak  effec¬ 
tiveness  (Hp),  downstream  effectivenss  parameter  (np/B^)  and  the  turbulent  diffusivity  decay  parameter  (a). 

4.  The  effect  of  equivalent  slot  Reynolds  number  on  film  effectiveness  in  the  penetration  regime  is  the 
largest  uncertainty  in  the  model  due  to  the  limited  data  in  the  literature. 
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Fi<j[ire  2  Effect  of  Density  Katio  on  Film 
Effectiveness  from  Pedersen  (1) 


x/HSc 

Figure  3  Film  Effectiveness  Data  from  Pedersen  (1) 
for  Const.jnt  Momentum  Ratio 
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Figure  4  Film  Effectiveness  Data  of  Blair,  Figure  6  Effectiveness  Distribution  from  Moving 

Lander  (3)  and  Muska,  Fish,  Suo  (4)  Energy  Sink  Model  (Constant  Diffusivity) 


Figure  6  Effectiveness  Distribution  from  Moving  Figure  7  Correlation  of  Peak  Effectiveness  Parameter 
Energy  Sink  Model  (Variable  Diffusivity) 


Figure  9  Correlation  of  Downstream 
Effectiveness  Parameter 


Figure  9  Correlation  of  Thermal  Diffusivity 
Decay  Parameter 
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ABSTRACT 

The  present  paper  la  concerned  with  the  prediction  of  the  fluid  flow»  combustion  and  heat  release 
processes  In  a  "can"  combustion  chamber  of  a  gas  turbine.  A  three'^dlmensional  numerical  solution 
technique  la  used  to  solve  the  governing  time-averaged  partial  differential  equations  and  the  physical 
modelling  for  the  turbulence,  combustion  and  thermal  radiation. 

The  thermal  radiation  tncdelllng  Is  emphasised  in  this  paper.  The  Implications  of  neglecting  radiative 
heat  transfer  in  gas  turbine  combustion  chamber  calculations  are  explored  and  discussed. 


NOMENCLATURE 


a  -  weighting  coefficient  In  the  gas  enlctance  equation 

A  **  area  normal  to 

conatants  in  turbulence  model 
~  black  body  emissive  power  (oT'M 
~  mixture  fraction 
specific  enthalpy 

“  radiation  intensity  In  the  direction  of  g 
“  turbulent  kinetic  energy 

-  gas  absorption  coefficient 
'  soot  absorption  coefficient 
"  path  length 

"  partial  pressure  of  water  vapour 
partial  pressure  of  carbon  dioxide 
probability  density  function  of  f 
"  radiation  energy  leaving  a  wall 
radiation  energy  Incident  on  a  wall 
^  net  radiation  wall  heat  flux 

-  cylindrical  co-ordinate 
distance  In  the  direction  of  I 

-  source  tern  tn  the  -equation 
^  temperature 

-  tine  averaged  velocity  component  in  the  x-direction 

-  mean  and  fluctuating  velocity  In  direction  J 

-  time-averaged  velocity  component  in  the  r-dlrectlon 

-  time-averaged  velocity  component  in  the  9-directlon 
“  cylindrical  co-ordinate 

-  co-ordinate  direction  J 
~  Kronecker  delta 

-  dissipation  rate  of  turbulence  energy 

-  wall  emlssivlty 
~  cylindrical  co-ordinate 

-  turbulent  viscosity 
~  solid  ingle 
~  fluid  oensity 
“  Stefan  Boltzmann  constant 
"  turbulent  Prandtl/Schmidt  numbers 
~  surrogate  variable  for  U,V,W,K,eih  and  f 
~  unweighted  time-average 

-  density-weighted  time-average 
'  fluctuation  about  the  density-weighted  mean. 
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1.  INTRODUCTION 

Gas  turbine  combustion  chanbera  have  recently  been  the  subject  of  extensive  Investigatlone  In 
consequence  of  the  tighter  pollution-control  regulations  and  requirements,  see  e.g.  Cl,7|.  Although, 
little  attention  was  paid  to  the  heat  transfer  by  thermal  rodiatlon.  It  was  thought  to  be  rather  small 
and  In  any  case  there  vas  no  means  by  which  it  could  be  reliably  calculated.  Gaa  turbines,  have  however, 
grown  continually  In  else,  and  the  pressure  ratios  at  which  they  operate  have  also  persistently 
Increased,  Doth  of  the  factors  have  augmented  the  combustor  thermal  radiation.  One  of  the  first 
investigations  of  the  radiation  heat  transfer  In  combustor  "can",  at  25  bar,  was  performed  by  Lockwood  et 
al  133. 

The  present  paper  describes  the  application  of  a  prediction  procedure  resulting  from  the  combination 
of  a  three-dimensional  computational  procedure  for  the  flow  and  the  chemical  reaction  [A3  and  a  technique 
for  the  computation  of  the  radiation  heat  transfer  [53  capable  of  economically  handling  any  degree  of 
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geometrical  complexity*  to  a  ^'can’*  conbuatlon  chamber  of  a  gaa  turbine.  Predictions  are  presented  and 
discussed  of  the  heat  transfer  dlatributluns.  The  Influence  of  the  pressure  ratio  is  anallsed  conparing 
the  solutions  obtained  for  the  same  geometrical  configuration  for  two  different  working  pressures:  6  and 
2S  bar. 


2.  FLOW  CONFIGURATION 

The  geometry  of  the  combustion  chamber  studied  is  sketched  in  Figure  1.  The  combustor  has  18 
separated  burners.  As  the  geometry  of  the  combustor  repeats  Itself  every  20^  »  and  the  flow  pattern  also* 
only  a  single  20*^  sector  of  the  chamber  is  studied.  Gaseous  fuel  (propane)  enters  the  combustor  through 
the  Inner  of  the  two  annular  rings  with  a  velocity  of  80  m/s.  The  combustion  air  Is  introduced  through  a 
concentric  annular  ring  with  a  velocity  of  60  r/s.  Secondary  and  dilution  air  are  Introduced  through  four 
round  holes  in  the  inner  and  outer  annulus  valla  as  sho%#ti  in  Figure  The  air  has  been  specified  as 
entering  only  with  a  radial  velocity  component  through  these  holes,  che  actual  values  of  the  velocity 
varying  between  AO  and  60  m/s.  The  oversll  alr*fuel  ratio  Is  of  appt 10  and  the  mass  flow  rate 
of  the  combustion  air  represents  15%  of  the  total  air  mass  flow  rate.  The  air  enters  the  combustor  at  500 
K  and  the  mean  static  pressure  of  the  combustor  Is  6  bar.  A  second  sec  of  predictions  were  perfumed  for 
a  mean  static  pressure  of  25  bar. 


3.  GOVERNING  EQUATIONS 

A  mathematical  model  has  been  used  to  calculate  the  internal  flane'tube  flow  and  temperature  field 
which  is  believed  sufficiently  accurate  to  allow  the  prediction  of  many  of  the  major  features  of 
gaseous'fuelled  combustors.  It  is  based,  as  far  as  the  treatment  of  the  combustion  chemistry  is 
concerned,  on  the  assumption  that  all  reactions  are  sufficiently  fast  for  instantaneous  chemical 
equilibrium  to  be  taken  as  being  a  reasonable  approximation.  If  the  '..eat  loss  from  the  flame  Is 
negligible  then  the  instantaneous  therandynanic  state  of  the  gas  is  describsble  in  terms  of  a  single 
strictly  conserved  scalar  quantity.  Any  conserved  scalar  may  be  chosen  and  a  convenient  choice  la  the 
mixture  fraction  f  defined  as  the  mass  fraction  of  fuel  present  both  burnt  and  unburnt. 

Time-averaged  balance  equatlona  were  solved  fort  the  taoments  in  the  r,8,x  co-ordinate  directions,  the 
mixture  fraction,  f,  and  the  specific  enthalpy,  h.  The  balance  equations  appropriate  to  the  high  Reynolds 
number  flows  all  have  the  form 


(pOj?) 


(1) 


Where  $  is  a  dependent  variablet  U,V,W,  f  and  h  in  this  case,  la  a  source  term.  An  overbsr  represents 
an  unweighted  tlme-average  and  a  tllda  a  density-weighted  a.^eraget  lower  case  letters  are  used  to  signify 
fluctuations  about  the  mean  values.  Note  that  for  brevity  the  equations  above  and  below  are  written  In 
cartesian  tensor  form;  for  the  geotsetry  ahovn  in  Figure  I  it  is  of  course  most  convenient  to  cast  the 
equations  in  a  cylindrical  polar  cc-ordlnate  system,  and  this  form  has  been  used  in  obtaining  the  results 
presented  below. 


A  turbulence  model  is  required  to  calculate  the  turbulent  fluxes  on  the  right-hand  side  of  the  above 
equation.  The  "standard*'  k-€  turbulence  model  was  employed  [6,71 .  In  the  absence  of  a  turbulence  modelling 
breakthrough,  the  k-c  formulation  still  constitutes  the  best  combination  of  economy  and  accuracy  for 
engineering  purposes,  tn  density  weighted  form  the  turbulence  fluxes  arei 
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C^^pk^/e  and  k  and  C  are  obtained 


from  solution  of  Che  transport  equations: 


3l7<p0j'‘> 

J 


;€) 


10. 

-  puVuV  -r-^ 
t  J 


ap  9p 


L 


8x, 


••  pe 


f- 

PuVuV  ' 


ap  3p 


(A) 


<5) 


The  model  constants  appearing  In  the  above  equations  were  assigned  the  following  values,  taken  unchanged 
from  Launder  and  Spalding  C8'J*,  C^».09,  C2“1.92,  Oj^“l.0,  o^*l.3  and  o^=0.9. 

The  instantaneous  gas  composition,  temperature  and  density  can  be  determined  as  function  (albeit 
non-linear  ones)  of  the  Instantaneous  mixture  froctlon  f  [9,101*  Since  however  f  will  fluctuate  as  any 
other  variable  in  a  turbulent  flow*  knowledge  of  the  probability  density  function  (pdf)  of  f  is  required 
If  mean  values  of  the  functions  of  f  are  to  be  calculated.  An  assuned-shape  pdf  approach  is  adopted  here 
with  the  pdf  of  f  described  In  terms  of  its  first  two  moments,  namely  the  mean  value  f  and  the  variance 
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f" Th«*  modelled  transport  equal 'on  for  the  latter  Isi 

.  2’ 


.Yl*!  pC 

iW  )  "tV^/  “ 


f*'2 


(6) 


The  additional  constant  in  this  equation  vfaa  assigned  the  value  2>0» 

A  denslty-velghted  pdf  la  used  whose  definition  allows  the  determination  of  the  densltyweighted  mean 
value  of  any  quantity  which  is  a  function  of  f  alone,  thuas 

1 

i  -  /  ^(f)p(f)df  (7) 

0 

A  function  pdf  has  been  utilized  in  the  present  calculations. 


The  "discrete  transfer"  radiation  prediction  procedure  of  Lockwood  and  Shah  C 51  has  been  utilised  In 
this  study,  this  method  combines  esse  of  use,  economy  and  flexibility  of  application.  Thle  last  featvre 
is  of  particular  Importance  in  the  real  world  of  geonetrlcally  intricate  combustion  chambers.  The  claimed 
advantaKss  of  the  method  have  now  survived  the  rigours  of  several  Industrial  applications,  see  C9l  and 
C41  for  example. 


The  "discrete  transfer"  method  is  founded  on  a  direct  solution  of  the  radi^icion  transfer  equation  for 
a  direction  ^  which  runs: 


11 

ds 


(^1) 


(8) 


where  I  la  the  radiation  Intevislty  in  a  Q  direction,  s  ie  distance  in  that  direction,  E=aT^  is  the  black 
body  emiaslve  power,  and  kg  and  k^  are  respectively  the  gas  and  eoot  absorption  coeificlents.  The 
scattering  terns  do  not  appear,  although  they  are  easily  acconodeted,  since  the  only  particulate  matter 
present  in  the  present  application  is  the  eoot  particles  which  are  much  too  sttall  to  scatter 
significantly.  Many  radiation  methods  are  based  on  the  solution  of  the  much  more  complex 
integro-differential  equation  which  results  when  equation  (8)  Is  rewritten  for  the  whole  solid  angle  0. 
In  our  opinion  thie  Is  unsatisfactory  since  the  numerical  solution  treatment  of  such  an  equation  Is 
necessarily  very  elaborate. 

We  prefer  to  solve  the  much  simpler  equation  (8)  vlChln  discretisations  df);  of  the  whole  solid  angle 
n  about  eelected  dlreetlcns  Q.  Aeaualng  that  C,  kg  and  are  constant  over  a  finite  distance  Increisent 
6b  ,  equeCion  (8)  sMy  be  Integrated  to  yield  the  simple  recurrence  relatlont 
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where  n 
along  th< 
previous 
wall. 


n4>l  ere  succesolvc  locations  along  g  separated  by  the  Increment  £s.  The  relation  le  applied 
.osen  3  from  known  conditions  at  point  Q,  say,  (either  guessed  or  pertaining  to  those  of  the 
Iteration)  on  one  well  to  the  point  of  tnpegement,  P  say,  of  the  direction  Q  on  an  opposite 


If  the  hemisphere  ebove  P  is  discretized  Into  subangler  vlthtn  which  the  intensity  is  considered 

to  be  uniform,  the  energy  flux  arriving  at  P  let 

<i..p  -  ^  ip  Q-in  -  I  Ip,,  5,  “"r  <i<» 

■'  all  r 

The  wall  boundary  condition  isi 
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where  q_  p  is  the  energy  leaving  the  vail  at  P,c^  le  the  wall  emlsslvlty,  and  is  the  wall  emissive 

power.  T^e  value  Of  ^  at  point  Q,  the  initial  value  required  for  the  application  of  the  recurrence 

relation  (9),  Is  q.  T^e  net  redlation  heat  flux  Is  of  coursei 
»P 

<Jp  -  -  <!_  „  (12) 

The  net  heat  gain  or  loss  within  a  -  v  ~ontrol  volume  of  the  flow  procedure  let 


®R  ■  <13) 

where  the  locations  n  and  n4-l  correspond  to  the  "entry"  and  "exit"  of  a  direction  Q  into  and  from  a 
control  volume,  and  5A  Is  the  cell  wail  area  projected  normal  to  The  energy  aourcea  S  are  appended  to 
the  energy  balance  equation  solved  for  by  the  flow  code. 

The  gas  absorption  coefficient  kg  Is  calculated  from  the  "two  grey  plus  a  clear  gas"  fit  of  Truelove 
Clll.  Water  vapour  and  carbon  dioxide  are  the  pr*me  contributors  to  the  gaseous  radiation.  The  total  gae 
enltcance  is  expressed  byt 

t  *  T  a  (T)  l~exp(k  (p  sp  )Lj 
n 


(14) 
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where  the  summation  n  is  over  the  three  j^aaes  of  the  assumed  mixture*  the  kg^n  ^t'e  presumed  constant  with 
the  temperature  dependence  of  the  cmict  ince  being  accomodated  In  the  weighting  coefficients  Sg  and 
p..  are  the  partial  pressures  of  the  watrr  vapour  and  carbon  dioxide  and  L  Is  the  path  length,  the  values 
of  Che  k  and  tabulated  in  fill.  The  value  of  kg  required  for  our  calculationa  Is  obtained 
from  the  pseudo  grey  gas  approximation: 


-k  L 


=  1  -  e 


(15) 


which  Has  worked  well  in  many  furnace  heat  transfer  computations  (see*  e.g.  C4]).  Since  the  Truelove 
correlation  was  formulated  for  furnace  applications*  the  predicted  nol  fractions  must  be  multiply  by  the 
current  pressure  to  obtain  the  correct  partial  pressures. 


4.  COMPUTATIONAI.  DETAILS 

The  equations  presented  above*  together  with  appropriate  boundary  ednditions  described  in  the 
previous  section  have  been  applied  to  the  geometry  shown  In  Figure  1*  The  set  of  dlf fcrehtiul  equations 
has  been  solved  using  finite-difference  techniques.  A  grid  of  13  x  13  x  13  nodes  (r ,6  * x-dlrect tors)  was 
used  with  cyclic  boundary  conditions  being  applied  on  Che  two  extreme  clrcunferentlal  planes  and  a  sero 
gradient  conditior  specified  at  the  downstream  end.  Computational  time  were  approximately  13  seconds 
CPU  time  per  iteration.  The  number  of  Iterations  required  for  a  convergent  solution  was  220.  An  VAX 
11/780  computer  vaa  used  to  perform  the  calculations. 


5.  DISCUSSION  OF  RESULTS 


The  total  air/fuel  mass  ratio  employed  In  the  preaent  calculations  is  taken  as  30  although  this  ratio 
experienced  in  real  combustors  is  of  the  order  of  100.  The  used  value  gave  rise  to  relatively  high 
tempe  urea  In  the  combustor.  The  maximum  temperature  detected  Is  SO  K  below  the  adiabatic  flame 
temperature.  The  alr/fuel  ratio  of  the  inlet  stream  is  accordingly  lower  than  that  of  the  stoichiometric 
value.  Hence  the  combustion  is  not  complete  in  the  initial  region  and  for  the  completion  of  the 
combustion  some  secondary  and  dilution  air  Is  used.  This  results  In  low  temperatures  tn  the  inlet  region 
and  the  flane  front  consequently  moves  further  down.  This  efte^l^  ia  enhanced  by  the  absence  of  swirl* 


The  main  input  from  the  flow  calculations  part  of  the  numerical  procedure  Into  the  radiation  model  is 
the  local  gao  teraperature,  although  as  explained  In  section  3,  species  concentrations  and  the  working 
pressure  are  also  required  for  the  specification  of  absorption  coefficients.  The  working  pressure  la 
Selected  to  Investigate  their  influence  on  the  radiectlve  t  transfer.  The  radiation  heat  transfer 
contours  to  the  backplstc*  inner  annulus  vail  and  outer  annulus  wall  are  displayed  in  Figure  2.  They  were 
obtained  for  the  geometry  of  Figure  1  and  for  the  conditions  deacrlbed  in  section  2  for  a  working 
pressure  of  6  bar.  The  heat  flux  to  the  backplate  is  rather  uniform*  wavering  about  a  value  of 
approximatly  35  kW/m^  although  there  are  a  potential  heat  spot  were  the  flux  is  greater  than  SO  kW/o^ * 
that  corrfcponds  to  the  entrance  of  fuel.  The  heat  transfer  to  the  cylindrical  walla  reflects  the 
distribution  of  the  cooling  holes^  where  the  net  heat  flux  through  the  holes  Is  more  than  to  the  vails 
but  since  the  holes  cover  less  than  57*  of  the  total  wall  area  this  fact  Is  not  significant.  Away  from  the 
hole  locations  and  In  the  first  half  of  the  combustion*  the  heat  flux  distribution  is  again  rather 
uniform.  The  total  radiation  heat  transfer  to  the  walls  (all  IB  sectors)  la  80  kW.  This  Is  leas  than  3% 
of  the  energy  aupplied  to  the  combustor  justifying  the  adiabatic  aasumptlon  on  which  the  flow  reaction 
calculations  are  baaed. 


Figure  3  shows  the  radiation  heat  transfer  contours  to  the  Inner  annulus  wall  and  outer  annular  wall 
'oi  a  working  fluid  pressure  of  25  bar.  The  radiative  wall  heat  fluxes  contours  la  very  alallar  to  the 
oncb  showed  in  Figure  2  but  the  radiative  wall  heat  fluxes  increased.  For  a  working  pressure  of  25  bar 
the  total  radiation  heat  transfer  to  the  wallr*  (all  16  sectors)  la  216  kV-  The  flow  geometry  was  kept 
unchanged  as  well  as  tk '  alr/fuel  ratio.  However  as  the  inlet  preaaura  of  tha  oxidant  and  fuel  are  higher 
(25  bar)  their  densities  also  Increased*  leading  to  a  higher  energy  supplied  to  the  combustor.  The  total 
radiation  heat  transfer  to  the  walls  is  47.  of  the  total  energy  supplied. 


6.  CONCLUDING  REMARKS 

The  computational  procedure  on  which  this  paper  is  based  constitutes  a  comprehensive  design  Cool  for 
the  flow*  reaction  and  heat  transfer  in  a  gas  turbine  combustor  "can".  The  Incorporation  into  the 
computational  scheme  of  a  technique  for  calculating  the  distribution  tf  the  radiation  transfer  represents 
the  principal  contribution  ov  this  paper.  The  working  pressure  uf  the  combustor  showed  to  have  influence 
on  Che  radiative  heat  transfer.  The  iBssedlate  task  is  one  of  consolidating  our  observations  about  the 
behaviour  of  the  radiation  heat  transfer  in  gas  turbine  combuetors  with  higher  alr/fuel  ratios  and 
different  flow  conflgurattona. 
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Figure  3  -  Radiative  wall  heat  fluxes  p*25  bar. 


DISCUSSION 


G.K.Andrcwx,  UK 

Your  IcMiporaliircs  arc  calculated  without  taking  dissociation  into  effect.  For  Icinpcratiirus  above  2000'K  disswiatioii 
is  sigiiincaiit  and  your  temperature  in  this  region  will  la:  loo  high.  The  T'*  dc|>endencc  of  radiation  mugnirics  greatly  any 
otror  in  the  temp  alure  prediction  and  would  result  in  an  overprediolion  of  the  radiative  heat  flux.  Have  you  any  data 
that  indicates  Ihiit  your  predicted  radiative  fluxes  are  of  the  correct  order  of  magnitude?  Is  your  |)rediclive  tcehniciue 
.apablc  of  Itcing  extended  into  the  luminous  n.imc  region,  where  the  problems  of  predicting  suet  conecntriitions  (Kcur? 

Aiithur's  Reply 

'llie  present  work  did  not  aecount  for  dissociation.  For  the  flow  conditions  analyzed  in  the  present  paper  (relatively  low 
ratio  m.„/n!,^,)  dissociation  may  be  relevant.  Nevertheless  for  values  of  m3i/m,„,|  that  are  commonly  used  In  gas 
turbines,  dissociation  is  nut  important. 

In  some  computations  we  calculated  the  influence  of  soot  concentration.  Some  guidance  on  how  this  was  dune  is 
offered  by  |4).  I'or  the  case  of  p  -  25  bar,  the  total  heat  tnmsfcr  was  raised  only  marginally  to  265  KW.  So  we 
concluded  tliiit,  because  the  non-luminous  gas  absorptivity  is  increased  .so  much  by  the  high  combustor  pressure,  the 
increase  of  radiation  due  to  the  presence  ol  soot  is  much  less  than  at  alinospheric  conditions. 
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PREDICTION  OF  TRANSIENT  TEMPEPATURES  FOR  AK  AIR-COOLED  ROTATIHG  DISC 

C.A.  Long  and  J.M.  Oaen 
Thermo-Fluid  Mechanics  Research  Centre 
School  of  Engineering  and  Applied  Sciences 
University  of  Sussex 
Falmer,  Brighton.  BNl  90T,  England. 


The  numerical  solution  of  Fourier's  conduction  'tquatlon  han  been  used  to  compute  the 
transient  temperature  distribution  in  a  rotating  disc.  The  convective  boundary 
conditions  fur  the  disc  surfaces  are  baaed  on  simple  formulae  obtained  from  the  solutions 
of  the  boundary- layer  equations,  and  the  computed  surface  temperatures  are  compared  with 
measurements  made  on  a  rotatlng-dlsc  rig.  Free-dloe  testa,  at  rotational  Reynolds 
numbers  up  to  Re^  =  2.5  x  10^,  are  used  to  provide  a  datum  from  Which  to  judge  the 
numerical  method.  Although  the  numerical  solution  tends  to  overestimate  the  cooling  rate 
of  the  heated  free  disc  at  high  Reynolds  numbers,  the  agreement  between  computed  and 
measured  temperatures  is  considered  reasonable.  Hotatlng-cavity  tests,  in  which  a  heated 
disc  is  cooled  by  a  radial  outflow  of  air.  are  used  to  examine  the  suitability  of  the 
simple  convective  boundary  conditions.  As  the  computed  temperatures  show  reasonable 
agreement  with  the  measured  values,  it  is  suggested  that  the  proposed  formulae  for 
convection  in  a  rotating  cavity  might  be  useful  for  design  purposes. 

LIST  OF  SYMBOLS 


q,r/R(TB-Ti) 

v/a 


=  Q/2iivr 
=  (Ib^/v 
'  i  nr^/v 


(T,-Ta)/r.,-Ta) 
0.665  Cw~5/8[,b^1/2 


Subscripts 


inner  radius  of  cavity 

outer  radius  of  disc  or  cavity 

constant 

specific  heat  at  constant  pressurit 
dimensionless  volumetric  flow  ratij 
gap  ratio  of  the  cavity 
heat  transfer  coefficient 
thermal  conductivity 
disc  haif-thicXnesB 

exponent  of  power-law  surface  temperature  profile 

number  of  time-steps 

local  Nusselt  number 

average  Nusselt  number 

Prandtl  number 

heat  flux 

volumetric  flow  rate 
radial  coordinate 

inner  radius  of  finite  difference  model 

recovery  factor 

radial  Reynolds  number 

rotational  Reynoldn  number 

local  rotational  Reynolds  number 

axial  spacing  between  discs 

time 

temperature 

tangential  velocity  in  the  core,  relative  to  stationary  axis 

dimensionless  radial  coordinate 

axial  coordinate 

thermal  dlffuoivity 

radial  step-length 

time  step- length 

axial  step-length 

dimensionless  temperature  ratio 

parameter  for  Ekman-layer  flow 

kinematic  viscosity 

density 

rotational  speed 


pertaining  to  ambient 
radially-weighted  average 
pertaining  to  the  back  face 
part, lining  to  disc 

pertaining  to  edge  of  source  region 
pertaining  to  the  front  face 
pertaining  to  inlet  to  cavity 
laminar  flow 
maximum  value 
reference  value 
pertaining  to  disc  surface 
steady  state  value 
turbulent  flow 


1  INTRODUCTION 


A  typical  artangement  foi-  the  internal  flow  of  cooling  air  in  a  gas  t'jrbine  aero-engine 
is  illustrated  in  Pig<l.  The  cooling  air.  vAiich  is  extracted  from  the  compressor,  is 
used  to  cool  the  bearings,  turbine  discs  and  blades,  and  some  of  it  is  also  used  to 
prevent  or  reduce  the  ingress  of  hot  mainstream  gas  into  the  'wheel  space'  between  the 
rotating  discs  and  adjacent  stationary  casings.  The  flow  over  these  discs  can  be 
classified  into  two  systems;  (i)  the  rotor-stator  system,  where  the  flow  occurs  in  the 
space  between  a  rotating  disc  and  a  stationary  casing;  (ii)  the  rotating  cavity,  where 
the  flow  occurs  in  the  annular  space  between  two  corotnting  discs,  which  are  usually 
joined  together  by  circular  shrouds.  A  review  of  the  flow  and  heat  transfer  in  such 
systems  is  given  by  Owen  [1]. 


(Mling  air  flow 

fig.l  Air-cooled  gas-turbine  discs 

The  aero-engine  designer  needs  to  calculate  the  temperature  distribution  in  these  highly- 
stressed  rotating  discs  under  transient  (during  ‘take-off*  and  'land')  conditions  as  well 
as  under  steady-state  ('cruise')  conditions.  Accurate  solutions  of  the  thermal 
conduction  equations  require  a  knowledge  of  the  convective  (and  often  the  radiative) 
boundary  conditions  on  the  surfaces  of  the  discs.  In  turn,  a  knowledge  of  the  convection 
is  usually  obtained  by  empirical  methods  (for  example,  tests  on  experimental  rigs)  or  by 
theoretical  techniques  (for  example,  from  the  numerical  solution  of  the  boundary- layer 
equations).  In  this  paper,  theoretical  and  empirical  equations  are  used  to  provide  the 
convective  boundary  conditions  for  rotating  discs,  and  the  predicted  transient 
tcinpsratures  are  compared  with  measurements  made  on  a  rotating-disc  rig. 

The  rig  and  associated  instrumentation  is  described  in  Section  2,  and  a  brief  review  of 
convection  in  the  relevant  rotating  disc  syetems  is  presented  in  Section  3.  The 
numerical  solution  of  the  conduction  equation  is  outlined  in  Sect.ion  4,  and  a  comparison 
between  the  predicted  and  measured  temperatures  for  the  casee  of  flow  over  a  free  disc  (a 
disc  rotating  in  a  quiescent,  infinite  environment)  and  flow  in  a  rotating  cavity  is 
presented  in  Section  5. 

2  Ti:r  EXPERIMENTAL  APPARATUS 

Only  the  salient  features  of  the  apparatus  are  presented  here;  further  details  are  given 
by  '.ong  1 2  ]  . 

The  rig  used  for  the  rotating-cavity  teste  is  shown  in  Fig. 2.  The  rotating  cavity  was 
formed  from  two  steel  discs,  of  762  mn  diameter  and  with  an  o/i.hi  spacing  of  102  ittn, 
together  with  a  peripheral  outer  shroud  made  from  paxolin  (a  fibre-reinforced  plastic 
material).  Cooling  air  was  fed  into  the  cavity  through  a  central  hole  of  "'6  m  diameter- 
in  one  of  the  disca  (referred  to  as  the  'iipstreum  disc'),  and  the  air  left  via  tides  in 
the  shroud  (30  holes  of  28.6  nin  diameter  were  arranged  at  12-degree  angular  intervals  in 
the  mid-axial  position  of  the  shroud) .  A  variety  of  centrifugal  blowers  was  used,  and 
the  maximum  flow  rate  was  approximately  one  kg/s;  the  air  was  cooled  to  about  20OC  before 
it  entered  the  cavity.  The  flow  rate  was  measured,  to  an  accuracy  of  approximately  3%, 
by  orifice  plates  or  by  other  differential-pressure  measuring  devices.  The  cavity  could 
be  rotated  up  to  2000  rev/mln  by  a  variable-speed  electric  motor,  and  the  apeed  was 
controlled  and  measured  to  a  precision  of  ±  I  rev/min. 

The  'downstream  disc'  of  the  cavity  was  heated  by  an  equispaced  array  of  thirty, 

750-  Watt,  radiant  'firebar'  elements.  Each  element  was  arranged  in  a  radial  line 
extending  from  a  radius  of  r  =  230  mm  to  r  =  300  irtn,  approximately  equal  to  the  outer- 
radius  of  the  cavity.  The  axial  distance  between  the  'back  face'  of  the  downatream  disc 
and  the  outer  surface  of  the  elements  was  approximately  30  ram.  HefXectore  were  used 
behind  the  elements  to  increase  the  useful  radiative  flux,  and  the  back  face  of  the  disc 
was  covered  with  'solar  foil'  to  increase  the  absorptivity  and  to  reduce  the  emiasivity 
ate— aaaa--iLleieiui.-loHl  inniit  power,  which  was  tlryristor-controlled ,  was 
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Fiq.2  The  rotating-cavity  rig 

Twelve  chx'orael-constantan  thermocouples,  of  0.13  mm  diameter,  were  embedded  on  each  face 
of  the  heated  downstream  disc,  and  ten  on  each  face  of  the  unheated  upstream  disc.  The 
t,  rfaces  of  each  disc  were  divided'  into  a  number  of  rings  of  approximately  equal  area, 

•  "r  thermocouple  was  placed  at  the  edge  of  each  ring.  The  signals  from  the 

.h> 1  occupies  were  brought  out  via  two  silver  slip-ring  assemblies  (one  for'  each  disc). 

I  u  .ach  assembly,  the  temperature  of  the  junctions  between  the  silver  and  the 
I'rn  .locouple  wires  was  measured  using  a  semi-conductor  temperature  sensor,  which  was 
'  .vibrated  to  an  accuracy  of  0,1<^C.  These  temperatures  were  used  as  the  cold- junction 
reference  temperatures  for  the  upstream  and  downstream  dlacs.  The  temperature  of  the 
cooling  air  at  inlet  to  the  cavity  was  measured  using  a  stationary  chtomel-constantan 
thermocouple  probe. 

Signals  from  the  thermocouples  and  temperature  sensors,  which  were  measured  using  a 
Solartrcn  data-logger  controlled  by  a  PDPll/34  minicomputer,  could  be  scanned  at  a  rate 
of  33  channels/s  with  a  resolution  of  1  |iV  (which  corresponds  to  O.OISC’C  for  chromel- 
constantan  thermocouples),  and  the  data  were  stored  on  magnetic  discs  and  tapes  for 
subsequent  analysis.  The  overall  accuracy  of  the  measurement  of  the  surface  temperatures 
of  the  rotating  disc  depends  on  a  number  of  factors,  not  lesst  of  which  is  the  thermal- 
disturbance  error  of  an  embedded  thermocouple  (see  CZ])  ■  However,  for  the  tests  reported 
in  this  paper,  the  temperatures  are  believed  to  be  accurate  to  within  t  0.5OC. 

For  the  free-disc  tests,  only  the  heated  downstream  disc  was  used;  the  upstream  disc  and 
shroud  were  removed.  The  ambient  air  temperature  was  measured  using  a  stationary  semi¬ 
conductor  temperature  sensor  located  in  the  air  on  the  unheated  ('front  face')  side  of 
the  disc.  To  reduce  the  heat  loss  from  the  disc,  its  outer  radius  was  surrounded  with 
thermal  insulation  (with  thermal  conductivity  K  «  0,03  W/mK  and  a  radial  thickness  of  15 
mm)  .  In  all  other  respects,  the  apparatus  was  the  same  as  that  used  for  the  rotating- 
cBvity  tests.  For  both  the  free  disc  and  rotating  cavity  teste  the  central  hole  in  the 
downstream  disc  was  fitted  with  a  perspex  plug. 

3  COHVECTIVE  HEAT  TRANSFER  IN  ROTATIHG-OISC  SYSTEMS 

3 . 1  Dimensionless  Groups 

A  schematic  diagram  of  the  flow  structure  in  a  rotating  cavity  with  a  radial  outflow  of 
fluid  is  shown  in  Fig. 3.  The  salient  dimensionless  groups  relevant  to  the  flow  and  heat 
transfer  in  the  cavity  are  defined  below. 

Dimensionless  radial  coordinate: 


X  5  r/b  ( 

where  r  is  the  radial  coordinate,  measured  from  the  centre  of  the  cavity,  and  b  is  the 
outer  radius  of  the  cavity. 


Gnp  ratio: 


G  =  s/b 


where  s  is  tho  axial  spacing  between  the  discs  In  the  cavity. 
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Rotational  Reynolds  number; 

Re^  =  Ob^/v  (3) 

where  fl  is  the  rotational  speed  of  the  cavity,  and  «  kinematic  viscosity  of  the 

fluid. 

Local  rotational  Reynolds  number: 


Re^*  £  ar^/v  •= 


Dimensionless  flow  rate: 


C„  t  Q/wb 

where  Q  is  the  volumetric  flow  rate  of  the  fluid  in  the  cavity. 
Radial  Reynolds  number; 


(4) 

(5) 


Prandtl  number; 


Re,;  =  O/2-rvr  »  C^/2ii>t 


(6) 


Pr  =  v/a  (7) 

where  a  is  the  thermal  diffusivity  of  the  fluid. 

Average  Nusselt  number: 

Nu^v  *  <l6,av^/4t(TQ-Tx)av  (3) 

where  is  the  heat  flux  from  the  disc  to  the  fluid,  is  the  surface  temperature  of 
the  disc,  Ti  is  the  fluid  temperature  at  inlet  to  the  cavity,  R  is  the  thermal 
conductivity  of  the  fluid,  and  the  subscript  'av'  refers  to  the  radially-weighted 
average. 

Local  Husselt  number: 


Nu  s  ,  (9> 


Fig. 3  Simplified  represehtation  of  a  rotating  cylindrical  cavity  with  a  radial  outflow 

from  a  uniform  source  to  a  uniform  sinX 


3 . 2  The  tree  disc 

The  heat  flux,  q,  from  tl.e  disc  to  the  fluid  is  given  by 

q  =  ^(fg-Tref)  (10) 

where  Tg  is  the  local  surface  temperature  of  the  disc  and  T,ef  is  the  reference 
temperature.  Owen  [3]  used  the  Reynolds  analogy  to  show  that 

Tref  -  Ta  ♦  Hr  n^rZ/Cp  (11) 


1 
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where  Tg  is  the  ambient  temperature  of  the  surroundlnq  fluid,  Cp  its  specific  heat  at 
constant  pressure,  and  R  is  the  recovery  factor.  By  comparison  with  the  flow  over  a  flat 
plate,  it  is  suggested  that  R  =  for 

(Pr  -  0(1))  . 


for  fluids  with  moderate  Prandtl  numbers 


average  Nusselt 
tegimes : 

numbers  for  the 

heated 

disc 

Regime 

I: 

Nuav 

Regime 

11: 

Nuav 

Regime 

111: 

Nuav 

The  results  were 

obtained  for  0, 

.13  <  G 

<  0.. 

Dorfman  [4]  obtained  theoretical  expressions  for  the  Nusoelt  numbers  for  a  free  disc  with 
a  'power-law  temperature  profile'  (that  is,  (Ta-Tj-gf)  «  x”,  n  being  a  constant).  For 
laminar  flow  (Re^*  <  2  x  10®) 

Nu  =  0.308  (n  +  2)0-5  p,0.5  Re^*0.5  (12) 

For  turbulent  flow  (Re^*  >  2  x  10^) 

Nu  =  0.0197  (n  +  2. 6)0-2  prO.6  He^*0-8  (13) 

Thewe  expressions  are  consistent  with  the  results  of  many  experiments  (for  example,  Cobb 
and  .Saunders  [5],  Owen,  Haynes  and  Rayley  C6l,  Long  C2]),  and  are  used,  -where 
appropriate,  in  Section  4  below. 

3 . 3  The  rotating  cavity  with  a  radial  outflow  of  fluid 

Using  apparatus  similar  to  that  described  in  Section  2  above,  heat  transfer  measurements 
in  a  rotating  cavity  were  made  by  Owen  and  Billmoria  t71  and  by  Owen  and  Onur  [8].  The 

were  correlated  for  three  forced-convection 

>=  1.94  Cy,2/3  g1/6  (14) 

«  0.07  C„l/2  Re^l/2  (15) 

=  4.11  Re^l/9  qI /9  (16) 

1.  2800  <  <\,  <  28000,  2.3  X  lO**  <  Rex  <  2.5  X 
10**,  and  the  boundaries  between  the  regimes  can  be  found  by  the  intercepts  of  the  three 
equations.  In  particular,  regime  I  occurs  at  relatively  high  flow  rates  or  low 
rotational  Reynolds  numbers  where  the  flow  (which,  in  the  experiments,  entered  the  cavity 
axially  through  the  centre  of  the  upstream  disc  and  Impinged  on  the  heated  downstream 
disc)  forma  a  wall  jet  on  the  downstream  disc.  Under  these  conditions,  rotation  has  no 
significant  effect,  and  the  resvtlts  are  similar  to  those  for  a  single  round  jet  impinging 
on  a  stationary  plate  (see  Martin  [9]). 

The  heat  transfer  in  a  rotating  cavity  with  a  radial  outflow  is  best  understood  by  filet 
considering  the  fluid  dynamics.  Referring  to  Pig. 3,  it  can  be  seen  that  th-:  flow 
structure  consists  of  four  regions!  (i)  a  source  region;  (ii)  a  sinX  layer;  (iii)  RKman 
layers;  and  (Iv)  an  interior  core.  In  the  source  region,  the  flow  (which  is  shown 
originating  from  a  uniform  radial  source  in  Fig. 3)  is  distributed  into  the  two  EXman 
layers;  in  the  ainX  layer,  the  flow  from  the  EXraan  layers  is  fed  into  the  sinX  (which  is 
shown  in  Fig, 3  as  a  central  slot  in  the  shroud].  The  Ekman  layers  arc  boundary  layers  in 
which  linear  Coriolis  forcs.s  dominate  over  nonlinear  inertial  and  centrifugal  forces;  in 
the  interior  core,  the  radial  and  ax-.a?.  components  of  velocity  either  are  xero  (for 
isothermal  flow)  or  are  weaX  (for  nonisothermal  flow).  In  a  rotating  coordinate  system, 
if  the  nonlinear  inertial  and  centrifugal  terms  are  neglected  the  resulting  EXman-layer 
eguations  are  linear. 

Isothermal  source-sinX  flow  in  a  rotating  cavity  has  been  studied  by  Chew.  Owen  and 
Pincombe  CIO]  and  t;y  Owen,  Plncombe  and  Rogers  [11],  From  solutions  of  the  (linear  and 
nonlinear)  integral  momentum  equations  for  the  EXman  layers  on  the  rotating  dlace,  the 
latter  authors  were  able  to  predict  the  radial  variation  of  the  tangential  component  of 
velocity,  V^,  in  the  central  core  and  the  radial  extent  of  the  ucu/co-  region  for  both 
laminar  and  turbulent  flow.  They  suggested  that  transition  from  ?.amiriar  to  turbulent 
flow  in  the  EXman  layers  occurred  at  Ref  *>  180,  and  the  theoretical  predictions  of 
were  in  good  agreement  with  measured  values  for  G  =  0.133  and  0.267,  a/b  =  0,1, 

170  <  <  1800  and  2.9  x  lO**  <  Re^  <  0  x  10* . 

Inside  the  source  region,  tie  bou.  dary  layer  on  each  rotat.ng  disc  behaves  liXe  that  on  a 
free  disc.  In  particular  the  entr;  inment  rate  is  similar  tu  that  of  a  free  disc.  Hence, 
the  radial  extent  of  the  source  region  can  be  estimated  by  determining  the  radius  at 
which  all  the  flow  entering  at  the  source  is  entrained  into  the  boundary  layers  on  the 
rotating  discs.  It  therefore  follows  that 


and 


Xi.e  -  Cl  Cv,J/2  Re^-1/4 


xt,e  Ct  Cy,5/l3  Be^”4/13 


(17) 

(18) 


li 
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where  X(^e  and  x^.e  the  values  of  x  at  the  edge  cf  the  source  region  for  laminar  and 
turbulent  flow,  respectively.  The  constants  C*  and  Ct  depend  or.  Whether  the  flow  enters 
the  cavity  radially  as  a  uniform  source  or  axially  as  a  wall  jet  on  the  downstream  disc. 
For  both  discs  with  a  radial  inlet,  and  for  the  upstream  disc  with  an  axial  inlet, 

Cjt  *  0.424  and  Ct  =  1.37;  for  the  downstream  disc  with  an  axial  inlet,  C^  ”  0,559  and 
Ct  =  1.79. 
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Northrop  and  Owen  [12]  obtained  solutions  oC  the  integral  energy  equation  for  turbulent 
ISKman-layer  flow  in  a  rotating  cavity.  They  aaoumed  that  (linear)  Ekrnan  layers  extended 
over  the  entire  surface  of  the  discs  (that  Lb,  the  slses  of  the  source  region  and  sink 
regions  were  negligible) ;  they  also  neglected  buoyancy  effects  and  assumed  that  both 
discs  in  the  cavity  were  heated  to  the  same  temperature.  For  the  cane  of  (Tg-Ti)  « 
(which  is  appropriate  for  the  results  discussed  below),  their  solution  is 


where 


Ku  =  l.()25 


4t:x 


(1  -  oxp( 


■Xx“/8)) 


(19) 


X  =  0.665  Cv,-5/8  Re, 1/2 


(20) 


Long  [2]  used  transient-analysis  techniques.  Which  are  outlined  in  Section  4«  to 
determine  average  and  local  Nusselt  numbers  for  both  the  free  disc  and  the  rotating 
cavity.  For  the  case  of  a  rotating  cavity  with  a  radial  outflow  and  axial  inlet  of 
coolant,  flow  visualization  confirmed  that  eqne  (17)  and  (IB)  were  valid  for  estimating 
^1,6  ^nd  Xt,A*  It  is  clear,  from  eqn  (18)  with  ^  1.79,  that  turbulent  Kkman-layor 
flow  can  only  occur  on  the  downstream  disc  if 

Re,  >  6.63  C„5/4  (21) 

and,  for  smaller  Reynolds  numbers,  Long  noted  that  the  local  Nusselt  numbers  were 
virtually  independent  of  rotational  speed*  For  this  so-called  'wall-jet  regime',  he 
proposed  the  empirical  correlation  (based  on  eqn  (14)) 

Nu  =  1.46  Cv,2/3  cl/8  (22) 


For  larger  Reynolds  numbers,  Ekrnan  layers  occur  on  the  outer  part  of  the  disc,  and  eqn 
(19)  was  found  to  provide  a  reasonable  approximation  of  the  Nusselt  numbers  for  x  >  x^ 

For  X  <  in  the  source  region,  the  flow  in  the  boundary  layer  on  the  discs  can,  as 

stated  above,  behave  like  that  on  a  free  disc?  Long  observed  that  the  local  Nusselt 
number  in  this  region  could  be  approximated  by  eqn  (13)  (or  by  eqn  (12)  for 
P.e,*  <  2  X  105). 

In  Section  4,  the  Husselt  numbers  given  by  eqns  (12),  (13),  (19)  and  (22)  are  used  to 
provide  the  appropriate  boundary  conditions  for  the  heated  disc  in  tl.e  rotating  cavity, 
it  Should  be  pointed  oat,  however,  that  work  on  the  solution  of  the  nonlinear  momentum 
integral  equations  and  the  energy  integral  equation  is  well  advanced  (see  Rogers  [13]), 
These  'nonlinear  solutions'  provide  more  accurate  predictions  of  the  N.isselt  numbers  than 
those  given  by  the  'linear  solutions',  and  they  are  li)cely  to  provide  better  predictions 
of  disc  temperature  than  those  presented  in  Section  5. 


4  THE  NUMERICAL  METHOD 

A  schematic  diagram  of  the  heated  disc  is  shown  in  Fig. 4.  The  front  face  forms  either 
the  inner  facs  of  the  cavity  (for  the  rotating-cavity  tests)  or  the  unhoated  face  of  the 
free  disc  (for  »>-•'  ffee-Hinc  tests).  An  onf.line  of  the  solution  of  Fourier's  equation, 
for  transient  conduction  in  v.iie  disc,  and  Lhe  boundary  conditions  used,  are  presented 
below;  further  details  are  given  by  Lonq  [2]. 
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Fig. 4  Schematic  diagram  of  the  heat<3d  disc 
^ • i  Transient  conduction  inside  the  dige 

Fourier's  equation  for  the  trarmtent,  axisymmetric  conduction  of  heat  can  be  expreesed  in 
cylindrical-polar  coordinates  as 
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whei'e  T  is  the  temperatvire  at  time  t  at  a  radial  distance 
distance  z  from  the  front  face.  The  thermal  diffusivity, 
throughout  to  distinguish  the  properties  of  the  disc  from 
given  a  subscript),  is  defined  as 


(23) 

r  from  the  centre  and  an  axial 
(the  subscript  'd'  is  used 
those  of  the  air,  which  are  not 


<*d  ^  M/od  Cpd  (24) 

where  the  density,  p,],  specific  heat,  Cp,],  and  thermal  conductivity,  k^j,  are  assumed  to 
be  constant.  For  the  steel  disc  used  in  the  tests,  p<j  =  7880  kg/m^,  Cpj  =  502  J/kgK  and 
ka  =  16.8  W/mK. 

The  finite-difference  equations  were  formed  using  the  Crank-Nicolson  method.  The  disc 
was  divided  into  21  radial  grids,  with  a  step-length  of  &r  °  15  nin,  and  7  axial  grids, 
with  a  step-length  of  &z  =  2.12  im,  and  the  time  step-length.  At,  was  typically 
2s  <  At  <  Bs.  The  resulting  finite-difference  equations  were  solved  using  Gaussian 
elimination,  and  'numerical  experiments'  with  finer  meshes  showed  that  truncation  errors 
were  acceptably  small  (and  insignificant  compared  with  the  uncertainty  in  the 
experimental  datal). 

If  the  precise  variation  of  temperature  with  time  is  known  for  all  surfaces  of  the  disc, 
then  the  heat  transfer  coefficients  on  the  front  and  back  faces  can  he  determined  from 
the  numerical  solution  of  eqn  (23);  h  being  calculated  from  eqn  (10),  where  the  surface 
heat  flux  q  is  evaluated  from  the  nun'.erlcal  differentiation  of  the  computed  temperature 
distribution  inside  the  disc.  This  so-called  ‘inverse  solution'  of  Fourier's  equation  is 
error-prone:  Owen  [141  has  shown  that  small  uncertainties  in  the  measured  surface 
temperature  can  result  in  large' errors  in  the  computed  values  of  h.  Long  [21,  who  used 
the  inverse  solution  to  determine  the  heat  transfer  coefficients  for  both  free  disc  and 
I'otating  cavity  tests,  has  shown  that  the  resulting  errors  can  be  significantly  reduced 
by  determining  h  during  cooling  tests  (where  the  heaters  are  turned  off,  and  the  disc 
temperature  reduces  with  time) .  He  used  smoothing  techniques,  in  both  space  and  time,  to 
minimize  errors  in  measured  temperatures,  and  was  able  to  obtain  good  agreement  between 
the  heat  transfer  coefficients  obtained  from  his  free-disc  measurements  and  those  given 
by  available  theory. 

In  this  paper,  solution  of  the  ‘direct  problem'  is  discussed;  assumed  values  of  h  (based 
on  the  expresions  given  in  Section  3)  are  used  as  boundary  conditions  on  the  front  and 
back  faces  of  the  disc.  The  temperature  distribution  on  the  front  face  is  computed,  from 
the  numerical  solution  of  eqn  (23),  and  is  compared  with  measured  temperatures.  Tfie 
boundary  conditions  that  were  used  ore  discussed  below. 

4 . 2  Boundary  conditions  on  the  disc 

4.2.1  The  back  face  (z  >>  2() 

In  this  paper,  only  cooling  tests  are  considered,  and  so  the  radiant  flux  from  the 
heaterj  (shown  in  Fig. 4)  to  the  back  face  of  the  disc  is  not  modelled.  However,  Long  [21 
has  also  considered  quasl-steady-state  tests,  where  the  heater  flux  is  modelled,  and  the 
reader  is  referred  to  this  work  for  further  details. 

The  convective  heat  transfer  coefficient  for  the  back  face  was  calculated  from  eqns  (12) 
and  (13):  for  air,  Pr  =  0.72,  and  for  the  temperature  profile  on  the  disc  it  was  assumed 
that  n  =  2  (a  value  that  was  shown,  from  earlier  experiments,  to  be  a  reasonable 
approximation) .  It  wan  found  that  the  air  temperatuie,  Ta,  between  the  heater  and  the 
back  face  could  be  between  h°C  and  25t>c  above  the  ambient  air  temperature  in  the 
laboratory.  The  precise  value  of  Tg  was  difficult  to  determine,  but,  for  the 
computations  carried  out  in  this  paper,  it  was  assumed  to  be  15°C  above  the  measured 
ambient  temperature.  This  value  was  used  in  eqn  (II)  to  calculate  the  reference 
temperature  for  eqn  (10). 

4.2.2  The  front  face  (z  =0) 

For  the  free-disc  tests,  the  convective  heat  transfer  coefficient  for  the  front  face  was 
calculated  from  eqns  (12)  and  (13)  with  Pr  =  0.72  and  n  =  2.  The  air  temperature,  Tg, 
used  in  eqn  (11),  was  taken  as  the  measured  ambient  air  temperature  in  the  laboratory. 

For  the  rotating-cavity  tests,  turbulent  Ekraan- layer  flow  occurs  when  Ref  >  180  and 
Re^  >  6.63  Under  these  conditions,  the  heat  transfer  coefficients  in  the  source 

region  (x  <  xt,e)  obtained  from  eqns  (12)  and  (13),  with  Pr  =  0.72  and  n  2,  for 
Re^*  <  2  X  10=’and  Re**  >  2  x  10*,  respectively.  In  the  Ekman  layers  (x  >  >(t,e)<  6he 
heat  transfer  coefficients  are  obtained  from  eqn  (19).  When  Re*  <  6.63  Ekman- 

layer  flow  does  not  occur,  and  eqn  (22)  is  used  to  specify  the  heat  transfer  coefficients 
for  the  entire  front  face.  For  all  theae  testa,  the  reference  temperature  was  taken  as 
the  cooling  air  temperature  measured  at  inlet  to  the  cavity.  The  convective  flux  was  at 
least  an  order  of  magnitude  greater  than  the  radiant  flux  from  the  disc,  so  the  effect  of 
radiation  has  been  ignored  in  this  paper. 

4.2.3  The  outer  edge  (r  »  b) 

For  the  free-diec  testa,  the  outer  edge  of  the  disc  was  thermally  insulated.  For  this 
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case,  the  boundary  condition  was  taken  to  be 


For  the  rotating-cavity  tests,  it  was  not  practicable  to  insulate  the  outer  edge.  The 
boundary  condition  used  for  these  tests  was  the  ‘guaci-one-dimensional  assumption'  that 


or,  from  eqn  (23), 


=  O 

(26) 

:-®^)  =  1-, 
0z2  r=b 

(3Z) 

at'r=b 

(27) 

bong  [2]  used  eqn  (27)  as  the  boundary  condition  for  the  ‘inverse  solution'  of  Fourier's 
equation  (from  which  the  'measured'  Husselt  numbers  in  the  rotating  cavity  were 
determined).  He  also  erperiraented  with  other  boundary  conditions,  and  showed  that  their 
influence  on  the  solution  of  Fourier's  equation  was  only  significant  for  0.85  <  r  <  1. 

In  the  absence  of  any  other  evidence,  it  seems  reasonable  to  use  eqn  (27)  as  the  boundary 
condition  for  the  'direct  solution’  of  Fourier's  equation. 


4.2.4  The  inner  edge  ( r  =  r^ ) 


Again,  in 
such  that 


the  absence  of  other  evidence, 
'^T 

i~-~) 

r=r. 


the  ‘quasi'one-dimensional  assumption'  was  used 


i_(^) 


(28) 


If  this  boundary  condition  is  incorrect,  the  resulting  errors  in  the  predicted 
temperatures  should  only  be  significant  at  small  radii. 


4.2.5  The  initial  condition  (t  *  0) 


As  discussed  by  Long  (2],  numerical  teats  were  conducted  vAiere  the  initial  temperuture 
distribution  was  obtained  from  either  the  solution  of  I,aplace's  equation  (that  is,  eqn 
(23)  with  3T/3t  =  0),  or  from  linear  axial  interpolation  of  the  measured  surface 
temperatures.  The  two  techniques  show  very  little  difference  (less  than  0.1%)  in  the 
calculated  Nusselt  numbers  or  temperatures  after  the  fifth  time-step,  and  so  for 
simplicity,  and  to  reduce  program  size,  the  axial  interpolation  method  was  used, 

5  COMPARISON  BETl'iEBN  THE  COMPUTED  AND  MEASURED  TEMPERATURES 


At  this  stage,  it  is  convenient  to  recapitulate.  The  temperature  distribution  on  the 
front  face  of  the  heated  disc  is  computed  from  the  'direct  solution'  of  Fourier's 
equation.  The  boundary  conditions  on  all  four  faces  of  the  disc  are  assumed!  they  are 
not  measured.  In  particular,  the  boundary  conditions  for  the  front  and  bac)(  faces  of  the 
disc  involve  assumptions  about  the  convective  heat  transfer  coefficients;  the  boundary 
conditions  for  the  inner  and  out-'  radii  involve  quasi-one-diraensional  assumptions. 

As  the  flow  structure  in  the  rotating  cavity  is  more  complicated  than  the  flow  over  the 
free  disc,  it  is  more  convenient  to  use  the  latter  as  a  datum  from  Which  to  judge  the 
numerical  method:  this  is  discussed  in  Section  5.1.  If  the  numerical  method  is  found  to 
be  satisfactory  for  che  free  disc,  a  comparison  betwcei  the  computed  and  measured 
temperatures  for  the  rotating  cavity  should  produce  evidence  from  Which  to  draw 
conclusions  about  the  suitability  of  the  simple  convective  formulae  presented  in  Section 
3:  this  is  discussed  in  Section  5.2. 


5 . 1  The  free  disc 

Figs  5,  6  and  7  show  the  comparison  between  the  predicted  and  measured  temperatures  on 
the  front  (unheated)  face  of  the  free  disc  for  Rei/lO^  =  0.16,  0.40,  and  2.5, 
respectively.  In  each  of  these  (and  subsequent)  figures,  graphs  (a)  and  (b)  show  the 
respective  radial  variations  of  the  local  Nusselt  number  and  the  dimensionless 
temperature.  The  latter  is  defined  by 

9  =  <Te  -  Ta)/(Ts9  -  T,)  (29) 

where  Tg  is  the  local  temperature  on  the  front  face  at  time  t,  Tgg  is  the  maximum  'steady 
state'  temperature  on  the  front  face,  which  was  measured  before  switching  off  the 
heaters,  and  Tg  is  the  ambient  air  temperature.  For  the  tests  discussed  below, 

Tgs  “  lOOOc  and  Tg  «  20OC. 

The  experiments  were  conducted  by  heating  the  disc  until  it  reached  an  approximately 
steady  temperature,  and  then  (at  time  t  =  0)  the  heaters  were  turned  off  and  the  disc  was 
allowed  to  cool.  The  measured  values  for  Nu  and  8  are  shown  in  the  figures  for 
N  =  1,  10,  30,  50,  70  and  90,  where  N  is  the  number  of  finite-difference  time  steps  in 
the  solution  of  Fourier's  equation.  The  actual  time  can  be  calculated  from 

t  =  Nat  (30) 

where  At  is  the  numerical  time-step  specified  on  the  figure  legend. 
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For  the  NUBselt  numbers,  the  dashed  line  represents  the  variation  of  Nu  (calcuiated  as 
described  in  Section  4.2)  used  as  the  boundary  condition  for  the  front  face  of  the  disc, 
and  that  for  the  back  face  is  shown  by  the  dotted  line.  The  sj’mbols  represent  the  front 
face  values  measured  by  Long  [2];  these  values,  which  were  not  used  in  the  computation 
procedure,  provide  a  comparison  between  the  'experimental'  and  'theoretical'  values  of 
Nu. 

For  the  temperature  variation,  the  solid  lines  represent  the  computed  radial  variation  of 
6  at  each  time  step.  The  symbols  represent  the  measured  temperatures  on  the  front  face 
at  each  time  step;  their  radial  locations  correspond  to  the  positions  of  the 
thermocouples  on  the  disc. 


Referring  to  Fig.  5a,  for  Re^  =  1.6  x  10^  the  flow  should  be  laminar  over  the  entire 
surface  of  the  disc;  tha  approximate  agreement  between  the  theoretical  laminar  Nusselt 
number  (eqn  (12))  and  the  measured  values  supports  this  contention.  It  can  also  be  seen 
from  Fig,  5b  that  the  agreement  between  the  measured  and  computed  values  of  6  is  good 
even  for  N  «»  90 
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Fig. 5  Results  for  the  free  disc;  Re^  »  1.6 

X  105,  at  »  7.9s 

1 

(a)  local  Nusselt  numbers;  (b)  predicted  and  measured  temperatures 


- correlated  Nusselt  numbers  for  the  front  face  j 

- a - correlated  Nusselt  numbers  for  the  back  face  i 

- predicted  temperatures  for  the  front  face 

Measured  values  for  v  +  x  A  □  ^ 

the  front  face 

N  (eqn  (30))  1  10  30  50  70  90 

For  Fig.  6,  with  Re*  »  4  x  10^,  transition  from  laminar  to  turbulent  flow  is  assumed  to  ' 

occur  at  X  =  0.707  (where  Re^*  =  2  x  10^) ,  The  theoretical  Nusselt  number,  which  is  used  * 

for  the  boundary  conditions,  assumes  a  step-change  from  the  laminar  value,  given  by  eqn  ! 

(12),  to  the  turbulent  value,  given  by  eqn  (13).  Not  surprisingly,  the  measured  values 


do  not  exhibit  such  a  discontinuity,  and  there  is  experimental  evidence  of  a  mors  gradual 
transition  for  0,7  <  x  <  0.8. 
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Considei'ing  the  difference  in  Nusselt  numbers,  the  agreement  between  the  measured  and 
computed  values  of  0  appears  to  be  reasonable.  Additional  computations  of  6  were  made, 
using  the  measured  values  of  Nu  as  boundary  condition,  and  these  results  (which  are  r 
shown  in  Fig.  6b)  were  not  significantly  better  than  those  obtained  using  the  theore  .ical 
values  of  Nu.  The  errors  in  the  computed  valued  of  8  cannot,  therefore,  be  attributed  to 
the  differences  between  the  measured  and  theoretical  Nusselt  numbers.  One  possible 
explanation  for  the  errors  is  that  the  reference  temperature  used  for  the  Itack  face  was 
incorrect  (see  Section  4.2.1).  Another  reason  is  that  the  electric  heaters  still 
radiated  heat  as  they  cooled  down;  this  ‘residual  radiation’,  which  is  unaccounted  for  in 
the  numerical  model,  would  reduce  the  cooling  rate  of  the  outer  part  of  the  disc. 


Fig.  7  shows  the  results  for  Re^  =  2.5  x  10*,  where  transition  from  laminar  to  turbulent 
flow  is  assumed  to  occur  at  x  “  0.283,  The  good  agreement,  except  near  the  outer  part  of 
the  disc,  between  the  measured  and  theoretical  Nusselt  number  (calculated  from  eqn  (13)) 
suggests  that  the  flow  is  indeed  turbulent  over  most  of  the  disc  surface. 


Fig. 7  Results  for  the  free 
Symbols 


for  Pig. 5. 


Referring  to  Fig. 7b,  the  agreement  between  the  measured  and  computed  values  of  9  at  this 
comparatively  high  value  o:  Re^  is  not  as  good  as  that  for  the  lower  Reynolds  numbers. 

As  Nu  increases  with  increasing  Rew,  the  disc  cools  off  faster  at  the  higher  speeds, 
whereas  the  decay  of  'residual  radiation'  from  the  heaters  is  unlikely  to  be 
significantly  affected  by  Re^.  Consequently,  the  'residual  radiation’  effect  should  be 
significant  for  a  larger  proportion  of  the  test  time  at  high  Re^ .  This  could  explc in 
why,  for  ths  larger  values  of  X  in  Fig. 7,  the  measured  cooling  rates  are  smaller  than  the 
computed  values. 


Another  point  to  note  in  Fig. 7b  is  that  a  minimum  value  of  9  occurs  at  x  0.4r  for 
X  <  0.4,  the  measured  and  computed  values  of  0  vary  little  with  time.  This  effect  is 
attributed  to  heat  transfer  from  the  shaft  bearing,  adjacent  to  the  back  face  of  the 
disc,  into  the  disc  itself?  the  heat  transfer  is  Likely  to  be  more  significant  at  high 
speeds  than  at  low  speeds.  The  fact  that  the  predicted  values  of  9  are  in  good  agreement 
with  the  measured  values  at  these  small  radii  gives  ground  for  confidence  in  the  use  of 
eqn  (28)  for  the  boundary  condition  at  the  inner  radius. 

Having  used  the  free  disc  as  a  datum  from  Which  to  judge  the  numerical  method,  it  is 
convenient  to  turn  to  the  rotating  cavity. 


5 . 2  The  rotating  cavity 

Figs  8  to  11  show  the  comparison  between  the  computed  and  measured  temperatures  on  the 
front  face  of  the  heated  disc  for  a  number  of  rotational  speeds  and  coolant  flow  rates; 
all  tests  were  conducted  with  a  gap  ratio  of  G  -  0.267.  The  experiments  were  carried  out 
in  a  similar  way  to  that  described  for  the  free  disc,  and  the  symbols  are  defined  in 
Section  5.1.  The  boundary  conditions  used  for  the  computations  presented  below  were  the 
same  as  those  used  for  the  free  disc  with  the  exception  that  (for  Figs  8,9  and  10) 

Nusselt  numbers  appropriate  for  the  rotating  cavity  (see  Section  4.2.2)  were  used  for  the 
front  face;  these  Nusselt  numbers  (together  with  values  measured  for  the  front  face  of 
the  heated  disc  in  the  rotating  cavity  by  Long  [2])  are  shown  in  the  figures.  To 
demonstrate  the  sensitivity  of  the  computctlon  of  9  to  the  boundary  conditions  assumed 
for  the  front  face,  .“ree-disc  boundary  conditions  were  used  for  both  faces  of  the  disc  in 
the  computations  shown  in  Fig. 11, 

Referring  to  Fig. 8,  (where  Re^  -  1.6  x  10^  and  Cy,  =  14000),  Re*  <  6.63  and  so, 

according  to  the  criterion  given  in  Section  3.3,  Ekman- layer  flow  does  not  occur  in  the 
rotating  cavity.  For  this  'wall- jet  regime',  eqn  (22)  is  used  to  provide  the  assumed 
boundary  condition  for  the  front  face  of  the  heated  disc.  Despite  the  fact  that,  as  Fig. 
8a  shows,  there  are  significant  differences  between  the  measured  and  assumed  values  of  Nu 
for  the  front  face,  Fig.  8b  illustrates  that  there  is  reasonable  agreement  between  the 
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measured  and  computed  values  of  0.  Other  computations  (not  presented  here)  have  also 
shown  that  eqn  (22)  produces  reasonable  predictions  of  0  in  the  'wall- jet  regime'. 


Fig. a.  Results  for  the  rotating  cavity  with  radial  outflow:  Re*  =  1.6  x  lO®. 

=  14000,  at  “  3.9s 

(a)  local  Nusselt  numbers:  (b)  predicted  and  measured  temperatures 

- - - correlated  Musselt  numbers  for  the  front  face 

- e - correlated  Nusselt  numbers  for  the  back  face 

- predicted  temperatures  for  the  front  face 
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Fig  .9  Results  for  the  lotating  cavity  with  radial  outflow:  Rc^  =  2  x  10®, 

Cy,  =  7000,  it  3.98 
Symbols  as  for  Fig. 8 

In  Fig. 9,  (where  Re^  =  2  x  10®  and  =  7000),  eqn  (18)  (with  =  1.79)  implies  that 

Ekman- layer  flw<  should  occur  for  x  >  0.65,  and  eqn  (19)  is,  used  to  calculate  Nu  for  the 
front  face  of  the  heated  disc  in  this  region.  In  the  source  region,  laminar  and 
turbulent  free-disc  flow  is  assumed  to  occur  for  x  <  0.32  and  0.32  <  x  <  0.65, 
respectively;  eqne  (12)  and  (13),  respectively,  are  used  to  calculate  the  laminar  and 
turbulent  Nuuselt  numbers.  It  can  be  seen  from  Fig. 9a  that  these  three  equations  provide 
only  a  rough  approximation  to  the  measured  values:  the  latter  do  not  exhibit 
discontinuities.  However,  although  Fig. 9b  chows  that  the  computed  values  of  6  tend  to 
overestimate  the  measured  cooling  rate,  the  errors  are  not  significantly  worse  than  those 
shown  in  Fig. 7  for  the  free  disc  at  Re^  »  2.5  x  10®.  ha  explained  in  Section  5.1,  the 
overestimate  in  the  cooling  rate  is  attributed  largely  to  residual  radiation  from  the 
heaters  to  the  back  face  of  the  disc  and  uncertainty  in  the  back-face  air  temperature: 
even  if  the  assumed  front-face  Nusselt  numbers  were  correct,  the  computed  values  of  8 
would  still  be  in  error. 
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(a)  (b) 

Fig. IQ  Results  foi'  the  rotating  cavity  with  radial  outflow:  Re*  =  1.2  x  10^. 

Cy,  =  3500,  At  =  3.9s 
Symbols  as  for  Fig. 8 

In  Fig.  10,  (where  Re^  =  1.2  x  10^  and  =  3500),  Ekman- layer  flow  is  assumed  to  occur 
in  the  rotating  cavity  for  x  >  0.56;  laminar  and  turbulent  free-disc  flow  is  assumed  to 
take  place  in  the  source  region  for  x  <  O.Al  and  0.41  <  x  <  0.56,  respectively.  Again, 
as  shown  in  Fig, 10a,  these  three  equations  provide  only  a  rough  approximation  to  the 
measured  Musselt  numbers;  but  the  computed  values  of  6  presented  in  Pig. 10b  are  in 
reasonable  agreement  with  the  measurements. 

The  preceeding  three  figures  •■kiuld  create  the  impression  that  large  errors  in  the  front- 
face  boundary  condition  have  little  effect  on  the  accuracy  of  the  computed  temperature t 
Fig.  11  <s  intended  to  disabuse  the  sceptic.  The  values  of  Re*  and  in  this  figure  are 
the  same  as  those  in  Fig. 10;  the  difference  is  that,  in  Fig. 11,  free  disc  boundary 
conditions  (egns  (12)  and  (13))  are  used  for  the  front  face  as  well  as  for  the  back  face 
of  the  disc.  Fig.  11a  shows  that  these  boundary  conditions  produce  Husselt  numbers 
significantly  greater  than  the  measured  values  for  the  rotating  cavity.  As  a 
consequence,  the  errors  between  the  measured  and  computed  values  of  9  are  much  larger  in 
Pig.  l!b  than  they  are  in  Fig. 10b.  For  example,  referring  to  eqn  (29),  with  Tag  =  lOOoc 
and  Ta  =  20^,  the  maximum  difference  between  the  measured  and  computed  values  of  Tg  at 
N  =  90  (t  351s)  is  leas  than  5°C  in  Fig.lOb  and  approximately  20^0  in  Fig. 11b. 


(a)  (b) 

Fig, II  Results  for  the  rotating  cavity  with  radial  outflow,  using  the  free  disc 
correlation  for  both  faces:  Re^  -  1.2  x  lO^,  Cy  *  ,'00,  At  "  3.9s 
Symbols  as  for  Fig. 8 

Despite  experimental  uncertainties  and  differences  between  the  measured  and  the  assumed 
Nusselt  numbers,  it  would  appear  that  the  simple  convective  formulae  preaented  in  Section 
3  could  be  used  for  design  purposes  to  predict  the  transient  temperature  distribution  in 
the  heated  disc  in  a  rotating  cavity.  No  claims  are  made  that  these  formulae  would 
produce  acceptable  results  if  used  to  predict  the  temperature  distribution  of  a 
geometrically-complicated  gas  turbine  disc  operating  at  higher  rotational  Reynolds 
numbers,  and  under  more  extreme  conditlone,  than  those  discussed  in  this  paper.  However, 
as  stated  in  Section  3,  work  on  the  nonlinear  boundary- layer  equations  is  well  advanced: 
solutions  of  these  equations  are  expected  to  produce  )>etter  predictions  and  have  greater 
generality  than  those  obtained  from  the  linear  equations  on  Which  the  simple  formulae 
were  based. 
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In  addition,  heat  transfet  results  have  also  been  obtained  from  instrumented  compressor 
discs  at  engine  conditions  (see  Chew  [15]  and  Long  and  Owen  [16]).  At  these  conditions, 
the  measured  temperatures  are  often  ‘noisy*,  and  the  computed  heat  fluxes  are  subject  to 
large  errors.  It  is  therefore  not  always  possible  to  compare  the  heat  transfer  results 
obtained  from  engines  with  those  obtained  in  the  laboratory.  However,  the  validity  of 
future  experimental  and  theoretical  correlations  could  be  tested,  under  engine 
conditions,  by  extending  the  model  discussed  in  this  paper  to  predict  the  temperatures  in 
an  instvuinented  turbine  disc. 


6  CONCLUSIOHG 

Temperatures  computed  from  the  numerical  solution  of  Fourier's  equation  have  been 
compared  with  transient  measurements  made  in  a  rotating-disc  rig.  The  experiments  were 
conducted  for  a  heated  free  disc  and  for  a  heated  disc  in  a  rotating  cavity  with  a  radial 
outflow  of  cooling  air.  In  both  cases,  the  disc  was  heated  to  approximately  lOOOc,  and 
then  the  heaters  were  turned  off  and  the  surface  temperature  of  the  disc  was  measured  as 
it  cooled  down.  For  the  computations,  convective  boundary  conditions  were  assumed  for 
the  back  (heated)  face  and  for  the  front  (cooled)  face  of  the  disc. 

For  the  fvee-disc  testa,  the  Nusselt  numbers  for  both  faces  were  based  on  accepted 
theoretically-derived  formulae  for  laminar  and  turbulent  flow  over  a  free  disc.  For  the 
lowest  rotational  speed  (Re^  =  1.6  x  105),  the  computed  temperatures  »..-e  in  good 
agreement  with  the  measured  values.  For  the  higher  speeds  (Re^  =  4  x  10^  and  2.5  x  10®), 
the  co?iiputation8  overestimated  the  cooling  rate.  This  overestimate  was  attributed  mainly 
to  uncertainties  in  the  air  temperature  adjacent  to  the  bac)c  face  and  to  'residual 
radiation'  from  the  heaters  after  they  were  turned  off. 


For  the  rotating-cavity  tests,  the  assumed  Nusselt  numbers  for  the  front  face  of  the 
heated  disc  depended  on  the  coolant  flow  rate  and  the  rotational  speed.  At  relatively 
high  flow  rates,  where  Ekman-layer  flow  was  not  expected  to  occur,  an  empirical  'wall- 
jot'  correlation  was  used.  At  relatively  high  rotational  speeds,  where  Ekman-layer 
flow  should  occur,  a  theoretically-derived  formula  was  used  to  calculate  tV  'lusseit 
numbers  for  the  Exman-layers  in  the  outer  part  of  the  cavity,  and  the  free  >c  Nusselt 
numbers  were  used  for  the  source  region  in  the  inner  part  of  the  cavity.  all  the 

testa,  the  free-disc  Nusselt  numbers  were  used  for  the  bac)i  face  of  the  disc.  Computed 
temperatures,  obtained  using  these  Nusselt  numbers  to  provide  boundary  conditions,  were 
in  reasonable  agreement  with  measured  values  for  a  range  of  rotational  speeds  and  flow 
rates.  It  was  concluded  that  the  simple  formulae,  from  which  the  Nusselt  numbers  had 
been  due-  ■'  ned,  could  be  used  for  design  porpoees  to  predict  the  transient  temperature 
disttibvii,  ,n  in  the  heated  disc  of  a  rotating  cavity.  However,  care  would  be  necessary 
if  the  formulae  were  used  for  gas-turbine  applications. 
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DISCUSSION 


I),F..rvlct<ecr,  US 

111  sonic  of  tlic  Nusscit  luimhcr  tiisiribiilions  presented  in  the  paper,  NU  goes  to  /.cro  and  perhaps  even  negative  at  the 
outer  radius.  Can  you  give  some  explanation  for  (his  behaviour? 

Author's  Itcpiy 


The  reference  temperature  used  in  the  definition  of  the  Nusscit  number  isT,  f.  •.cinpcraiure  of  the  air  entering  the 
cavity.  As  the  Ekinan  layers  on  the  discs  do  not  entrain  fluid  (although  there  may  be  some  mass  exchange  between  the 
liknian  layer  on  the  hot  disc  and  (hat  on  (he  cold  disc),  (her  e  may  be  a  point  on  the  disx'  where  the  temperature  of  the 
fluid  reaches  that  of  (he  disc  itself.  If,  its  ha|ipens  in  our  experiments,  the  disc  temperature  decreases  with  increasing 
radius  at  the  outer  part  of  the  disc,  then  the  heat  will  flow  from  the  'cooling'  fluid  to  (he  hot  disc:  under  these  conditions, 
the  Nusscit  numbers  become  negative.  Such  negative  Nusscit  numbers  have  been  measured,  and  predicted,  at  the 
Universiiy  of  Sussex. 


J.Fabri,  fr 

Did  you  try  out  your  correlation  on  less  siiiipie  geometries? 

Author's  Reply 

We  have  plans  to  investigate  the  effect  of  iioii-axisymmetric  geometry  on  the  flow  and  lical  transfer  in  rotating  cavities. 

I  lowcver,  paper  No..]6  by  Reile  Radons  and  Hennccke  piovides  evidence  (h.il  correlations  obtained  on  simple  rotating 
cavliics  can  he  used  to  predict  the  temperatures  in  compre.ssor  rotors.  More  investigations  arc  necessary  before  we  can 
Ire  confident  lliul  cross-axisymmctric  geometry  does  not  produce  significant  clianges  to  the  flow  structure.  ’I'hc  advice 
for  the  designer  is  to  proceed  with  caution:  caveat  emptor! 


S.C.Ariira,  Ca 

Did  you  make  any  liirbiilcnce  liieasiiremcnls?  If  not,  then  why  not? 

Author's  Reply 

We  have  iiiiidc  velocity  nicasurcmciils  using  l.DA  inside  rotating  cavities,  and  these  are  reported  in  Reference  1 1 . 
However,  tiir’.'uilence  measurements  are  difficult  to  make,  and  they  arc  likely  to  be  of  less  importance  for  the 
understanding  of  fikman-laycr  flow  than  is  the  case  for  the  boundary  layer  flow  that  occurs  on  turbine  blades. 
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ABSTRACT 


The  paper  deals  with  heat  transfer  problems  in  gat  turbine  combustors.  The  basis  for  the  discussion  is  the 
treatment  of  the  heat  generation  in  the  combustor. 

The  heat  is  generated  through  chemical  reactions  that  take  place  when  reactants  are  mixed  at  molecular 
scale  at  sufficient  high  temperature,  ft  is  known  that  the  microscale  processes  which  are  decisive  for  the 
molecular  mixing  as  well  as  the  dissipation  of  turbulence  energy  into  heat  are  severely  intermittent,  i.e. 
concentrated  into  isolated  regions  whr$o  entire  volume  is  only  a  small  fraction  of  the  volume  of  the  fluid. 


The  paper  reviews  the  Eddy  Dissipation  Concept  (EOCI  for  chemical  reactions  in  turbulent  flow  developed  by 
Hagnussen.  The  CDC  is  a  reactor  concept  which  is  unique  in  that  it  takes  into  account  the  intermittent 
behaviour  of  the  smallscaio  structures  on  the  chemical  reactions.  Both  fast  and  slow  chemical  reactions  can 
be  treated  simultaneously.  Flame  stabiliaation,  extinction  and  ignition  characteristics,  as  well  as  blow- 
off,  turbulent  flame  propagation  velocities  and  reaction  rates  will  be  discussed  in  relation  to  the  EDC. 

Computations  of  heat  transfer  rates  to  the  walls  taking  into  account  the  cooling  effect  of  the  secondary 
air  will  be  demonstrated.  The  physical  implications  of  the  various  sub-models  will  be  discussed. 
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constant 

constant 

concentritlcri  Ikg/iil 

local  time  mean  concentration 
concentration  of  products 
specific  heat 
nozzle  diameter 
flatness  factor 

characteristic  fine  structure  flatness  factor 
turbulence  energy  production  term 

Linear  termination  coefficient  or  gravitation  constant 
coefficient  of  linear  termination  on  soot  particle 


reaction  enthalphy  difference 
internal  energy 
turbulence  kinetic  energy 

characteristic  length  scale  of  fine  structures 
conditional  characteristic  length  scale  of  time  structures 
characteristic  turbulence  length  scale,  mixing 
length 

characteristic  turbulence  length  scale  at  different 

structure  .*evel 

mass  concentratiun  (kg/kg) 

exchange  rate  of  mass  with  fine  structures 

exchange  rate  of  mass  with  fine  structures  within  fine 

structure  region 

mass  of  soot  particle  (kg/part)  ^ 

concentration  of  soot  particles  Ipart/m  ) 
nucleus  concentration  (part/m'*)  ^ 

ratv  of  spontaneous  formation  of  nucleus  Ipart/m  /s) 
pressure 

Reynolds  numuor  ^ 

rato  of  fuel  combustion  (kg/m  /s)  ^ 
rate  of  nucleus  cumbustaori  (part/m  /si 
rate  of  nucleus  formation 
rate  of  soot  combustion 
rate  of  soot  formation 
<‘bulence  Reynolds  number 
stoichiometric  oxygen  requirement  to  burn  1  kg 
fuel 

source  term 
temperature  (K1 

excess  temperature  of  reacting  fine  structures 
turbulent  flame  velocity 
laminar  flame  velocity 
mean  flow  velocity 

Characteristic  velocity  of  fine  structures 


conditional  characteristic  velocitu  of  fine  structures 
u‘  turbulence  velocity 

characteristic  turbulence  velocity  at  different 
structure  Level 
X  axial  coordinate 

Y  fractional  conversion  parameter 

Y^  mass  fraction  of  specie  k 

y"  lateral  coordinate 

Q  density 

e  rate  of  dissipation  of  turbulence  kinetic  enersy 

e*  conditional  dissipation  rate  for  fine  structures 

U  effective  viscosity 

effective  turbulent  viscosity 
o  turbulent  Prandtl/Schmidt  number 

o  stress  tensor 

V  ^  kinematic  viscosity 

7*  intermittency  factor,  mass  fraction  occupied 

by  fine  structures 

mass  fraction  occupied  by  fine  structures 
regions 

mass  fraction  of  fine  structure  regions  occupied 
by  fine  structures 

T*  time  scale  for  the  fine  structure 

T  ^  chemical  time  scale 

ch 

time  scale  for  the  fine  structure  regions 

bulk  mixing  timescale 
n 


INTRODUCTION 

The  heat  transfer  in  a  gas  turbine  combustor  is  strongly  dependent  on  the  evolution  of  the  combustion. 
Characteristics  of  the  combustion  is  dependent  on  chemical  and  physical  properties  of  the  fuel  as  well  as  on 
flnM  and  turbulence  characteristics. 

In  this  respect  the  fino  structures  of  turbulence  are  believed  to  play  an  important  part.  The 
characteristics  of  these  structures  are  in  developed  turbulence  structure,  dependent  on  turbulence 
quantities  like  the  turbulence  kinetic  energy,  its  rate  of  dissipation  anP  consequently  on  length  scales. 

These  quantities  are  strongly  dependent  on  the  flow  evolution  from  the  intake  to  the  completion  of  the 
combustion  and  consequently  on  the  interaction  between  the  flow  and  the  surrounding  walls. 

The  various  bhysical  processes  going  on  in  the  combustor  are  strongly  linked,  and  therefore  make  the 
discussion  of  the  influence  of  a  certain  parameter  difficult. 

However,  the  processes  are  of  general  physical  nature  and  may  be  encountered  in  many  different  flow  and 
combustion  situations. 

Today  there  exist  models  of  many  of  the  important  physical  processes  going  on  in  the  combustion 
chambre.  Ihe  precccding  discussion  is  therefore  based  on  general  theoretical  considerations,  mathematical 
models  and  numerical  simulations.  Of  special  interest  in  this  respeci^is  the  Eddy  Dissipation  Concept  for 
chemical  react'ons  in  turbulent  flow,  (EOC),  developed  by  the  author  This  concept  has  been  widely  used 

for  calculation  of  diffusion  flajie| premixed  flames,  explosion  development,  soot  formation  and  combustion, 
and  internal  combustion  engines  ‘  '  as  well  as  for  the  study  of  extinction  processes  in  turbulent 

combustion  . 

TURBULENT  STRUCTURE  AND  CHEMICAL  REACTIONS 

Chemical  reactions  take  place  when  reactants  are  mixed  at  molecular  scale  at  sufficiently  high 
temperature'  .  In  turbulent  flow  the  reactant  consumption  is  strongly  dependent  on  the  molecular  mixing.  It 
1$  known  that  the  microscale  processes  which  are  decisive  for  the  molecular  mixing  as  well  as  dissipation  of 
turbulence  energy  into  heat  are,  severely  intermittent  i.e.  concentrated  in  isolated  regions  whose  entire 
volume  is  a  small  fraction  of  the  volume  of  the  fluid. 

These  regions  are  occupied  by  fine  structures  whose  dimensions  are  small  in  one  or  two  diroctions, 
however  not  in  the  third.  These  fine  structures  are  believed  to  be  vortex  tubes sli»^t|  slabs  whose 
characteristic  dimensions  are  of  the  same  magnitude  as  the  Kolmogorov  microscale  > 

The  fine  structures  are  responsible  for  the  dissipation  of  turbulence  into  heat.  Within  these 
structures  one  can  therefore  assume  that  reactants  will  be  mixed  at  molecular  scale.  These  structures  thus 
create  the  reaction  space  for  non-uniformly  distributed  reactants. 

In  a  inodelling  context  on  can  assume  that  the  reactants  are  homogeneously  mixed  within  the  fine 
structures.  Thus,  in  order  to  be  able  to  treat  the  reactions  within  this  space,  it  is  necessary  to  know  the 
reaction  volum  and  the  mass  transfer  rate  between  the  structures  and  the  surrounding  fluid. 

The  following  describes  a  concept  for  treating  chemical  reactions  in  turbulent  flow  which  include  basic 
features  of  the  proceeding. 


In  turbulent  flow  energy  from  the  mean  flow  is  transferred  through  the  bigger  eddies  to  the  fine 
structures  where  mechanical  energy  is  dissipated  into  heat.  This  process  is  schematically  described  in  Eig.1. 


tn  general,  high  Reynolds  number  turbulent  flow  will  consist  of  a  spectrum  of  eddies  of  different 
Mechanical  energy  is  mainly  transferred  between  neighbouring  eddy  structures  as  indicated  in  Fig.  1, 
For  the  same  reason  the  main  production  of  turbulence  kinetic  energy  will  be  perfotmed  by  the  interactions 
between  bigger  eddies  and  the  mean  flow. 

The  dissipation  of  kinetic  energy  into  heat,  which  is  due  to  work  done  by  molecular  forces  on  the 
turbulence  eddies,  on  the  other  hand  mainly  takes  place  in  the  smallest  eddies. 


Important  turbulent  flow  characteristics  can  for  nearly  isotropic  turbulence  bo  related  to  a  turbulence 
velocity,  o’,  and  a  turbulent  length.  L'.  These  quantities  are  linked  to  each  other  through  the  turbulent 
oddy  velocityt 


Figure  :  schematically  illustrates  a  model  for  the  transfer  of  mechanical  energy  from  bigger  to  smaller 
turbulent  structures 


The  first  structure  level  represents  the  whole  spectrum  of  turbulence  which  in  an  ordinary  way  is 
characterized  by  a  turbulence  velocity,  u',  a  length  scale,  I',  and  vorticity.  or  characteristic  strain  rate 


w'  s  u ' /L ■  •  ^  * 


The  rate  of  dissipation  can  for  this  level  be  expressed  by 


e  =  j'llZ  ^  .  u"'  •  1»  .  v(-^  1  *1 


wher,  {  is  1  numeric, 1  const, nt. 

The  n,xt  structures  l,w,l  represent  p,rt  of  the  turbulence  epectrum  charicterizetf  by  ,  vorticity 
«-=}«•  It) 


velocity,  u' ,  ,nd  length  scale,  f.  The  transfer  of  energy  from  the  first  level  to  the  second  level  is 
expressed  by 
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Fig.  2.  A  nodalling  concept  for  transfer  of  energy 
fron  bigger  to  smaller  turbulent  structures 

The  part  which  is  directly  dissipated  into  heat  is  expressed 

g"  »  .  ISv  (-^  )  *  IS) 

The  turbulence  energy  bailance  for  the  second  structure  level  is  conceguently  given  by 

12  u-^  .  4*  (12  .  u  •2  ,  ,,, 

This  sequence  of  turOuIvnco  structuro  lovols  cm  be  continued  down  to  e  level  where  all  the  produced 
turbulence  kinetic  energy  is  dissipated  into  heat.  This  is  the  fine  structure  level  characterised  by,  u*. 
L* ,  and  (V* . 

The  turbulence  energy  transferred  to  the  fine  structure  is  eNpresseii  by 


W*  =  4*  .  6  ,  u**  (Id) 

and  the  dissipation  by 

q*  =  4'  .  I5v  (-f4  )^  (It) 


According  to  this  model  nearly  no  dissipation  of  energy  into  heat  takes  place  at  the  highest  structure 
level.  Similarly  it  can  be  shown  that  3/^  of  the  dissipation  takes  place  at  the  fine  structure  level. 

Taking  this  into  account  and  by  introducing  <  ^  0.19  the  following  three  equations  are  obtained  for  the 
dissipation  of  turbulence  kinetic  energy  for  nearly  isotropic  turbulence: 

.3 

t  *  0.2  -4-  (121 


t  >  0.267 


u*' 


(13) 


u* 

t  =  0.67  V  (^  ) 


(U) 


Introducing  the  Taylor  microscale  a  fourth  equation  is  obtained 
.  2 

t  =  15  V  l~l 


( t5l 
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0y  combination  of  equations  (13)  and  (U)  the  following  characteristics  (scales)  for  the  fine 
structures  are  obtained 


=  1.U  (c.v) 


I.  .  in. 

where  u*  is  the  mats  average  fine  structure  velocity,  the  scales  are  closely  related  to  tho  Kolmogorov 
scales . 

Ih ^  fine  St ructures 

The  tendency  towards  ^trong  dissipation  intermittency  in  high  Reynolds  number  turbulence  was  discovered 
by  Oatchelor  and  Townsend  .  and  then  studied  from  two  points  of  view;  different  statistical  models  for  the 
cascade  of  energy  starting  from  a  hypothesis  of  local  invariance  or  self  similarities  between  motions  of 
(liffereni  scales,  and  then  by  consideration  of  hydrodynamic  vorticity  production  due  to  stretching  of  vorteM 
Lines . 

It  can  be  concluded  that  the  smallscale  structures  who  are  responsible  for  t)ie  main  part  of  the 
dissipation  are  generated  in  a  very  locsli/ed  fashion.  It  is  assumed  that  these  structures  consist 
typically  of  large  thin  vortex  sheets,  ribbons  of  vorticity  or  vortex  tubes  of  random  extension  folded  or 
tangeled  throughout  the  flow.  (figs.  3  and  t.) 


OEVELOPHtNT  OF  FWE  STRUCTURES 
ON  A  CONSTANT  ENERGY  SURFACE 


Fig.  3.  Schematic  illustration  of  fine  structures 
developed  on  a  constant  energy  surface 


Fig.  t.  Schematic  illustration  of  fine  structure  vortex 
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The  fine  structures  are  localized  in  certain  structure  regions  whose  line&r  dimet'sions  are 

considerably  larger  than  the  f.xne  structur  es  th.trein  ^ .  These  regions  appear  in  the  highly  stained  regions 
between  the  bigger  eddies. 


It  is  assumed  that  the  mass  fraction  occupied  by  the  fine  structures,  on  the  basis  of  consideration  of 
the  energy  transfer  to  these  structures  leqs.  \Z  and  111  can  be  expressed  by 


T*  = 


If  it  is  assumed  that  the  fine  structures  are  localized  in  nearly  constant  energy  regions,  then  the 
mass  fraction  occupied  by  the  fine  structure  regions  can  be  expressed  by 


y*  =  y.  .  ( — r) 
’X  u 


giving  the  following  expression 


Assuming  nearly  isotropic  turbulence  and  introducing  the  turbulence  kinetic  energy  and  its  rate  of 
dissipation  the  following  expressions  are  obtained: 

v.e 

y*  S  9.7  .  i 

k 


y  .  2.11.1^) 


Similarly  by  introducing  the  turbulence  Reynolds  number 


y*  s  to. 2  .  Re. 


y^  s  3.42  .  Re^  (24) 

Kuo  and  Corrsin*  have  given  some  results  for  the  flatners  factor  of  9u/dt  as  a  function  of  Re.  (Fig.C). 
In  order  to  compare  the  above  results  with  these  results  an  empirical  expression  has  been  developed  for 
the  relationship  between  the  flatness  factor  and  the  intermittency  factor: 


Figure  S  shows  a  comparison  between  some  experimental  results  ^  and  the  given  empirical  expression. 

When  eq.  (2S1  is  applied  the  following  expression  for  the  flatness  factor  for  the  fine  structures  is 
obta ined . 


Equation  (26)  is  compared  with  the  experimental  results  of  Kuo  and  Corrsin  in  Fig.  6. 
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Fi9'  Flatness  factor  of  8u/dt  as  a  function  of  compared  with 
theoretical  flatness  factor  for  the  fine  structures. 


[  From  this  compari  an  it  can  be  concluded  that  the  overall  features  of  the  physics  seem  to  have  been 

I  taken  care  of  by  the  suggested  expressions. 

On  the  basis  of  simple  geometrical  considerations  the  transfer  of  mass  per  unit  of  fluid  and  unit  of 
time  between  the  fine  structures  and  the  surrounding  can  be  expressed  as  follows 
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and  consequently 


m.  s  11.08  .  ~  (1/s) 

X  K 

The  conditional  dissipation  rate  lor  the  fine  structures  may  be  eKpressed 

which  combined  with  Eqs.  (13)  and  (161  trani^formec  into 
,3 


t*  -  0.287  . 


L* 


Consequently  the  individual  structures  may  be  characterized  by 
0»  S  u' 

and 

L«  =  L* 

The  characteristic  time  for  the  fine  structures  may  be  expressed  as  follows 
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Where  .  the  mess  frectien  at  the  fine  structure  region  occupied  by  the  fine  structures  is 

'X  t. 


oei 


Hgiocu.ir  ffiKina  end  reection  processes 

The  rite  of  moleculer  mining  is  determined  by  the  rate  of  mining  between  a  cartain  fraction,  x.  of  the 
fine  structures  and  tha  rest  at  the  fluid,  R^.  can  for  a  certain  specie,  i,  be  enpressed  as  follows: 


R  .  =  m  -x  .  (— ^  - 

1  o  g* 

g 


(39) 


whore  ^  and  refer  to  conditions  in  the  fie  structures  and  the  surrounding. 

The  mass  transfer  rate  can  also  be  enpressed  per  unit  volume  in  the  fine  structure  fraction,  Xi  ** 


.  =  Pj-B* 
i  y*  ' 


(iOl 


Finally,  the  concentration  of  a  specie,  i.  in  the  fraction,  Xi  of  tha  fine  structures  and  in  the 
surrounding  is  related  to  the  mean  concentration  by: 


g 


(11) 


It  is  now  possible  to  put  up  balance  aquationi  for  roactiong  fina  structures  and  the  surrounding  fluid 
including  chemical  Kinetic  rata  enprasslons. 

Combustion  rates 

If  the  rate  of  reaction  between  fuel  and  ouygen  is  considered  infinitely  fast,  the  rate  of  reaction 
will  be  limited  by  the  mass  transfer  between  the  built  and  tha  fine  structures.  If  the  reaction  toolc  place 
in  all  the  fine  structures,  the  rate  of  comt.,ation  would  be  expressed  by: 


/ 


mio 

T-x* 
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(V2) 


where  c  .  is  the  smallest  of  c.  and  r  /r.  .  where  c,  and  c.  are  the  the  local  mean  concentrations  of 
man  fu  fu  fu  0^ 

fuel  and  0My9en.  and  the  stoichiometric  osy^en  requirement. 

Not  all  the  fine  structures  will  be  sufficiently  heated  to  react.  This  is  obviously  the  rase  in 
combustion  of  premixed  gases  where  both  fuel  and  oxygen  are  present  in  the  fine  structures. 

The  fraction  of  the  fine  structures  which  reacts  can  be  assumed  proportional  to  the  ratio  between  the 
local  concentrata ion  of  reacted  fuel  and  the  total  quantity  of  fuel  that  could  react: 


c  /t1  *  r^  ) 
pr _ fQ 


(43) 


c  / (  1  ♦  r,  )  < 


where  c  is  the  local  mean  concentration  of  reaction  products.  Equation  (43)  implies  the  assumption  that 
pr 

the  reaction  will  take  place  within  the  fine  structure  regions  where  the  concentration  of  reactive  species 
and  temperature  are  high,  for  the  rate  determining  species,  significantly  higher  than  the  time  mean  values, 

In  cases  where  the  concentration  of  reaction  products  are  very  small,  in  the  denominator  implies 
that  the  products  are  kept  within  the  fine  structure  regions. 

By  combination  of  equations  (42)  and  (43)  the  following  general  equation  is  obtained  for  the  rate  of 
combustion  at  infinite  reaction  are  between  fuel  and  oxygen: 


".U  =  "  •  T^- 


The  reacting  fine  structures  under  these  conditions  will  have  a  temperature,  AT,  in  excess  of  the  lucal 
mean  temperature: 


AT 


(45) 


where  AH.  is  the  heat  of  reaction  and  c  the  local  specific  heat  capacity.  The  temperature,  T*.  of  the 
reacting^f ine  structures  is  conceqoently? 


T*  2  T  ♦  AT 

and  the  surrounding  temperature: 


T  2  T  -  AT  . 


_ 1!. 


T  -  .  X 


(46) 


(47) 


where  T  is  the  local  time  mean  temperature. 

Chemical  controlled  reaction  rate 

On  the  basis  of  the  previous  there  can  be  defined  characteristic  mixing  time  stales; 
The  bulk  mixing  time  scale 
5  1  fm 

The  fine  structure  time  scales 

I*  s 

'a  ■■ 


If 


2,vin 


These  time  scales  can  be  compared  with  chemical  kinetic  time  scales  in  order  to  establish  whether  the 
reaction  i$  mixing  or  chemical  controlled,  and  even  established  criteria  for  extinction  of  flames. 

Extinction 

Accordir>9  to  the  previous  concept  heat  and  m*^s  balance  including  chemical  kinetics  can  easily  be  set 
up  for  the  fine  structures  and  the  surrounding  fluid.  Consequently,  knowing  the  chemical  kinetics,  a 
criterium  for  the  extinction  of  the  fine  structures  can  be  obtained.  When  a  typical  timescale  for  the 
combustion  reaction  is  small  compared  to  tho  fuel  consumption  is  independent  of  chemical  Kinetics  and  is 
purely  a  hydrodynamic  problem.  However,  when  the  residence  time  becomes  smaller  than  a  typical  chemical 
time  scale,  the  reaction  will  not  be  completed  in  the  fine  structure  and  the  fuel  consumption  is  strongly 
influenced  by  chemical  Kinetics,  .ts  the  residence  time  decreases  eKtinction  will  finally  occur. 

The  chemical  time  scale,  however,  Is  not  a  i:niquely  defined  quantity.  Many  different  expressions  can  be 
found  in  the  literature  describing  the  various  steps  in  the  reaction  process.  In  addition  it  is  very 
difficult  to  find  relevant  data  for  different  fuels. 

In  a  typical  turbulent  combustion  situation  it  is  believed  that  radicals  are  already  present  in  the 
regions  where  the  fine  structures  are  located.  When  it  is  further  assumed  that  the  internal  mixing  inside 
the  fine  structures  are  fast,  then  the  fine  structures  can  be  considered  as  a  well  stirred  reactor 

On  the  basis  of  the  previous  the  fractional  conversion  parameter  for  the  reactor  is  defined  as  (cfr. 
fig.n  ref.  5. 


Y  * 


(51) 


Fig.  7.  Schematic  illustration  of  a  reaching  fine  structure 
Fur  a  one  step  irreversible  reaction  th«  mass  and  heat  balance  for  the  fine  structure  can  be  expressed 

d  S 


T  )  9 


(S2) 


(S3) 


where  the  fine  structure  is  considered  to  be  adiabatic  and  ttie  specific  heat  of  the  fluid  is  assumed  to  be 
constant.  The  extinction  time  scale  can  then  be  found  from  eq.  (52)  an6  (53)  according  to  Fig.  8,  where 

tho  extinction  time  scale  .  is  indicated. 

ext 
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Fig.  0.  Schematic  il.lustration  Extinction  in  th^  fin®  structure 
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t  axt  3 

Turtoultfnt  flame  9rooaqatiQn 

The  propagation  of  a  plane  flame  in  turbulent  flow  can  be  expressed  by 


3c 


fu 


3k 


0  2  ’  fu 


(S4) 


where  is  the  turbulent  flame  propagation  velocity,  v-  is  the  turbulent  v*scosity  and  o  is  the  turbulent 
Schmidt  number.  With  R.  expressed  according  to  oq.  (44)  the  only  physically  meaningful  solution  to 
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1  s  the 

turbulent 

Schmidt 
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By  introducing  tfie  turbul^-nt  viscosity  from  the  h-c-moclel  this  transform  into 
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In  a 


typical 


shear  flow  situation  k  %  u 


.2 


and  o  * 


This  gives  a  turbulent  flame  propagation  velocity 
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Thff 
(  1981) 


IS  generally  in  relatively  close  agre^gien^^with  the  experimental  data  collected  by  Bradley  et.a. 
fig.  9  and  data  from  Andrews  et.al.  ,  fig.  10. 
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Fig.  9.  Compaiison  of  predicted  flame  velocity 

QKperimentaL  data  by  AbdeL-Gayed  and  Bradley 
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U*  (m/s) 

Fig.  li).  Compsrison  o4  predicted  Fisme  velocity 

•Kperimentai  date  Dy  A1  Dabbagh  and  Andrews 
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Fig.  11.  Schematic  illustration  of  the  turbulent  flame 
propagation  velocity  variation. 


The  abrupt  oKtinclion  has  been  shown  OMperimentally  by  Chon.ik  et .  al.  I19A2)  In  these  experiments 
extinction  for  *  methano  mixture  occured  at  a  fine  structure  time  scale  of  approximately  x*  10  as.  This 
is  close  agreement  wijb  the  chemical  time  scale  deduced  from  the  global  reaction  rate  uiecl  by  Bradley 
ot.al.  (1976)  11976)^^'  ^  and  is  also  in  reason^^le  agreement  vith  the  multislep  Kinetic  calculations  for 
mothane'air  mixture  reported  by  Martenay  (19701 
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MQdaling  of  soot  _f  ormation  and  combustion -jLn  .turbuient  flamBS-«. 

The  modeling  of  soot  formation  has  been  based  on  the  two  equations  as  used  previously  by  Magnussen  et 
(?3.  2i.  25).  An  equation  for  the  rate  of  formation  of  radical  nuclei  is  expresses 

by 


R  n  ♦  (f-g)n  -  g  n  N  (part/m  /s) 
n ,  f  o  0 


(56) 


wh»re  n  is  the  cohcentretion  of  reOiCel  nuclei.  N  is  the  concentretiein  of  soot  perticles  end  n^  is  the  rate 
of  spontaneous  formation  of  radical  nuclei. 


n  =  a  c-  expi-E/RT)  Ipirt/m  /s) 
0  0  fu 


where  c  is  the  mean  concentration  of  fuel  f.  9.  g  .  and  a 

f  u  o 

are  certain  constants.  The  rate  of  soot  particle  formation  is  oKpres^ed  by 


(59) 


R  -=  m  (a-bNin  (kg/ffi  /s) 

s .  f  p 


where  m  is  the  mass  of  a  soot  particle  (Kg/part),  and  a  and  b  ore  constants. 
P 


(60) 
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Soot  >vas  allowocJ  to  be  forneU  both  in  the  heated  fine  s*-ructures  and  in  the  surroondiny  fluid,  arui  it 
w}s  assumed  that  the  mass  fractLon  of  the  fuel  contained  in  the  heated  fine  structures  was  proportional  to 
Y  1.  Local  equilibrium  with  the  surroundiny  fluid  was  assumed  for  the  fine  structures  leadimj  to  the 

following  equations: 

n  * . f  t  *  V*  o 
0 

and 

« . ,  -  ^  I V-  ■  “'  = » 

5*  ,  f  Y*  U*  0 

Q 

The  mean  rates  of  tion  could  than  be  expressed  by 

fi  =  Y*  xy  •  ^o(I-y*  x) 

n .  f  '  ' 


-  ^  s  ^'^(a‘bM*  lna-f*XP^(>*  ^  { a- tiN  in^(  I -•{*  X I  P/p 

ihe  mean  ratus  cf  nucleus  and  sout  particle  combustion  are  expressed  by  Eq.l^H  as  follows: 
ft  !  R-n/c,  Ipart/rr'/fc) 
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Fig.  12  Varjaliofi  of  mean  value  of  soot  concenf  ration  along 
the  axis  of  .ic^tylone  rliffusAon  flame  Comparison 
betv/eer<  prediction  and  experimental  r-  suits. 

MtAT  ro  THE  INiffiHAL  WAILS  OF  A  COM0USIOR 

Simplified  talcula tintis  c*  tlie  surface  teftfpora tore  of  the  internaJ  woll  of  -i  combustor  by  application 
of  flitfi  ce^olong  have  boon  poi  -  formed,  Fvy.  *1. 

Ihc  cal'julat  loi*  'Km:«in  was  divided  into  two  rvgiuns.  the  centt  i<l  region  and  the  film  boundary  rogion, 
>  1  q  )  c  . 
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fig.  n.  film  cooling  of  combustor  wall. 


fig.  t4.  Film  cooliag  of  combustor  wall,  Hoat  tronsfar. 

CombMst&on.  haat  and  mats  transfer  in  tha  cential  region  was  calculated  on  the  basis  of  the  methods 
described  aouve.  A  boundary  layer  calculations  was  performed  for  the  film  boundary  region.  The 
calculations  were  compared  with  experimental  data  from  Ref.  28.  A  compaxison  between  experimental  and 
calculated  film  cooling  efficiency  is  shown  in  Fig.  1$.  fFor  the  case  where  the  radiation  heat  transfer  is 
neulxyiblel.  The  mam  problem  m  this  cas>  was  the  establishment 


Tig.  Film  cooling  efficiency  as  a  function  of  Jistance 

,  Whstroam  from  inlet  slot. 

"  4  .  g  condition,  at  t»  M*  »f  the  slot  for  the  turbulence  kinetic  energy  k.  an)  *tv  rate  of 

'  0  )  j..  .on  .  t 

figure  18  gives  ^  comparisur.  between  experimental  •*ata  and  calculat:.ons  for  a  combustion  case  and  two 
■ilot  heights, 


2>U) 


Dissipation  of  turbulonce  kinetic  energy;  c 
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«  ,  w  .  a  ,  "’ff  , 
I  •  aT 


'k'  du'^'k  0  bn. 

3  'k  '* 


Source  terms 
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IMSCUSSION 


A.IVl.IVli'Hi)r.  US 

Ho  you  phin  U)  inctisuicoi  prcclicl  <  I )  liquid  spray  (lames  or  (2)  flames  with  much  liighcr  turbulence  inicn.siiy  .so  that 
ytuii  rcMiIls  arc  more  rcprcsciiialivc  of  gas  turbine  condilions? 

Un  (he  oulpiK  paramelers  of  your  soot  formation/oxidalioii  model  meet  all  rcijuircmuius  for  a  four  or  si.x  flux  radiation 
model  ealeulalion? 

\iitliiir's  Reply 

We  have  been  ivorking  with  tlic  cxpcrinionlal  study  and  mmlellfigof  soot  formation  and  c  imhuslioii  of  various  gaseous 
lueK.  We  are  now  starling  a  sUuly  dedicated  towards  combinations  of  gaseous  and  liquid  fuels. 

i)ue  to  the  iiulusiry  sirueture  of  our  cininlry  vve  have  »iot  been  especially  directed  towards  gas  turbine  iiroblems. 

I  h)V4ever .  we  have  been  imieh  occupied  by  comhiistion  in  highly  strained  Uiibiilem  Honv.  including  flainc  queiuhing  in 
(he  Uiilndcni  slruetuic- 

The  out  pul  o(  die  soot  niodcls  i  caddy  goes  into  lUix  radiation  models.  We  arc  generally  using  four  or  six  llux  models, 
li);c  the  model  ol  I  .ockwood  and  Shae. 


Ijm-f;.  T1 
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K»VK(mVKNESS  HKAiSUHK.NKNTS  POK  A  COOLINU  FILM  DISRUFTKD  IW  A  BINGLK  JKT  WTHI  WALI.  PUINGINO 

H.L.  Button 

Department  of  Mechanical  Fngineerinc 
Trent  Polytechnic 
Nottingham,  NC.l  ABU 
United  Kingdom 


SUMMARY 

Fxperimfintai  measurements  of  the  effectiveness  cownstream  of  a  slot  #iirflow  with  the  jet  airflovf  normnl  to 
Uie  wall  Iiavo  been  performed  in  a  wind  tunnel.  The  separate  and  combiner!  effects  of  the  slot  and' jet 
airflows  with  and  without  wall  plunging  on  the  effectiveness  f^nd  flow  characteristics  are  presented  over  u 
range  of  slot  and  jet  airflow  conditions  relevant  to  gas  turbine  combustors. 

The  blot  conaiiitrid  of  rows  of  lioles  inclined  nt  in  degrees  to  the  main  airflow.  The  jet  <.entre  line 

was  positioned  one,  two  and  three  dianiotei  downstream  from  the  slot  exit-.  Tho  jet  diameter  corresDonded  to 
five  slot  heights.  Thi-ee  vail  plungo  heights  were  uf^ed  and  corresponded  to  ;  0.?,  n.n  and  twelve  jet 
diameters,  llie  main  airflow  wut.  constant  at  a  Mach  number  of  O.OB  and  various  combinations  of  ^he  slot  mass 
velocity  ratio  (0.5,  l.Oand  1.5)  with  the  jet  it.ass  velocity  ratio  (O.G,  1.'’  and  r.O)  were  iesied,  The 
effectiveness  measurementt-  covered  an  nreu  eiglit  jel  diametern  downstream  of  the  slot  exit  by  four  jot 
diameters  lateral  ly. 

The  results  show  that  the  major  •nteraccions  between  the  three  airflovjs  occur  downstream  of  the  jet  centre 
lint-  in  a  small  region  about  tlirec*  diameters  long  and  two  diameters  wide.  Tn  general,  such  interactions 
reduce  the  effectiveness  by  up  to  forty  oercent  when  compared  to  the  values  with  no  jet  injection.  The 
combiner!  and  the  separate  effectiveness  of  the  slot  airflow  and  of  the  jet  airflow  are  presented. 

NONKNCLATURE 

< c j  "  helium  concentrati on  in  jot  airflow  at  exit 
Ccs  -  helium  concentration  in  slot  airflow  at  exit 
c^j  -  helium  concentration  at  wall  for  jet  airflow 
Cijj  =  helium  concentration  at  wall  for  slot  airflow 
1)  5  jet  diameter 

Ma  «  tt«in  airt  iow  Mach  mimber 
Mj  ■»  mass  velocity  ratio  for  jet  (PjUj/Pfr^m) 

Ma  =  mass  velocity  ratio  for  clot  (p  s^^s/P m^-m' 

Uj  a  mean  Jet  airflow  velocity 
uJi-,  =  mean  fr.ain  airflow  velocity 
Uc}  «  mean  slot  airflow  velocity 
X  =  distance  downs ti’eam  fi'om  slot  exit 

INTHODUCTION 

The  wal  If;  of  gas  turbine  combustors  s-ro  usually  maintained  at  acceptable  temperatures  by  cooling  films  of 
ai!  injected  parallel  to  the  -wall  through  slots.  However,  air  needs  to  be  added  to  the  Drimarv,  secondarv 
and  tertiary  -/ones  of  the  combustor.  This  if?  achieved  by  injecting  jets  of  air  normal  to  the  wall,  which 
inevitably  disrupt  the  cooling  film  and  give  rise  to  high  tempcrot.ur*e  areas  and  hot  snots  downstream  of  the 
jets. 

In  order  to  obtain  a  detailed  understanding  cf  some  of  the  phenomena  involved  b  program  of  research  has  been 
undertaken  (1).  Ihis  cover5i  flow  visualisation,  effectiveness  and  hoot  transfer*  coefficient  measurement!? 
downstream  of  a  slot  exit,  for  various  combinations  of  slot  and  Jet  geometries  and  Dirflo'w  conditions.  For 
t  range  of  jet  and  slot  airflow  conditions,  some  of  the  flow  visualisation  and  effectiveness  result’s  are 
presented  here  for  A  single  jet  disrupting  a  cooling  film  frotp  a  slot.  The  paper  &ims  to  describe  how  the 
wall  plunge  heiglits  for  the  jet  and  the  distance  of  the  jet  centre  line  downstream  of  the  jet  slot  exit 
affect  ! he  effcc tivenesG, 

A  brief  description  of  the  airflo'w  rig,  the  working  section  base  pl.atc  end  some  of  the  measurement 
techniques  used,  are  included.  Further  infor  nation  can  be  found  in  fP),  and  a  comprehensive  descriptinn  c 
he  design  and  constiMction  of  the  airflow  rig,  ii«  insliriimentation  and  verification  can  !)e  found  in  ^11. 

AIHKLOV  Rif.  AND  MKABURKMENT  TflCIINlQUES 

'•'he  aii'tLow  rig  consists  of  thro*;  separate  systeir.s  «och  supplying  an  iiirflow  to  the  working  section,  ’■’or 
the  main  sysjtcm,  or  wine  tunnel,  ambient  air  is  drawn  in  through  filters  by  a  ccuitri  fugal  fan  with  f- 
variahie  speed  drive.  The  air  then  pasuca  throii^iJi  a  diffuser,  a  settling  chamber  containing  a  honeycomb  f-nd 
five  screens  and  a  contt'action  userl  to  meter  the  flow.  Although  different  in  ai-^e  tho  slot  and  jot  systems 
prepare  the  airflows  in  a  similar  v/ay. 

The  working  section  is  TOO  f.un  !-fjuare  and  710  ti'm  'ong,  ?t  haa  fixed  walla,  an  adj'.intablo  roof  and  ihe  ijase, 
stjown  in  figuj'f  1,  conl.ains  ;  the  Jilo’  for  t!>e  houtidary  kiyer  bleed;  tho  test  suieciineM  for  tlie  o ffoc’’ 1  voness 
mc'isureff  en  !.ij  and  exit.s  for  the  sl(jt  and  jet  airflows;  different  i  lung'*  tieigh’r;  wor*c  r.htfuned  i)V  if»+ 

inserts  int/,  the  end  of  the  jet  pipe.  Also  shown  in  figure  1  are  fletailo  of  ’’hr  slot  geometry,  whicti  i* 
tiased  on  *lie  pulse  drilled  designs  t.hfi»  are  now  in  use  tn  come  combus^’or;;,  Hie  outlet  velocity  and 
t.'H'hulc*ncc*  inleuyity  profiles  at  the  jet  exit  are  si.Dilar  */>  those  for’  fully  developed  turi)u3i»nt  nine  flowo 
and  to  a  firdt  approxin:it icm  I’osemble  those  found  ;n  «  ombusilors. 

Tlio  flow  V  i  suol  i  cut  i  or  stiidion  made  using  tufts  and  DISA  hot-wire  anemomo!  ry  wUh  miniature  prohes. 

Imtially  Pb  fm  'ong  nylon  w<joi  tufts  were  tsed,  bu*"  nubr.cquen  t  Iv  »*  was  ^onr^d  cfjtton  Miroad  15  mm  ’ong  war; 
more  uof^itive.  'Ilio  resul  U;  wore  photographed  or  sketched. 


Xcjj  =  distance  between  slot  exit  and  jet  centre  line 

y  s  lateral  distance  from  the  jet  centre  line 

z  *  distance  measured  vertically  from  wall 

B  s  angle  of  wool  tuft  or  co,ton  thread  to 

direction  of  main  airflow 
6*  =  displacement  boundary  layer  thickness 

bj  -  impermeable-wall  jet  effectiveness 

Pg  =  impermeable- wall  slot  effectiveness 

“  ns  ♦  nj 

pj  ®  jet.  airflow  density 
og  s  main  airflow  density 
Om  »  slot  airflow  density 
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Figui'e  1  Slot.  J«t  and  wall  plungir^g  geoMetrieo 


llic  i  npermopbl  e-wal  1  g  ffec  ti  vci^e?>s  was  determined  from  helium  concentrations  at  the  wall  and  at  the  point  of 
injection  for  the  slot  and  Jet  separately,  "  ‘^is^'^cs*  About  one  percent  oT  hnliun 

xri  air  by  volume  was  used.  For  each  tost  forty-eif^t  samples  v^ere  measured  with  a  katharometer.  They  were 
£«olGcted  automatically  every  20  s  by  a  multi-port  valve  at  a  sampling  flow  of  ?.'3  cn^/s,  The  samples  were 
drawn  from  the  teat  specimen  through  the  valve,  katharometer  and  rotameter  by  a  vacuum  punn. 

FXPRRIMKNTAL  MeASllHEMENTS 

The  results  of  the  preliminary  calibration  and  verification  experiments  are  summarised  briefly  in  (?). 

Table  1  summarises  the  airflow  conditions,  tests  and  geometries.  The  measurement  positions  and  the 
estimated  '■ib  percent  confidence  intervals  for  the  velocity  and  turbulence  intensity  profiles,  and  the  tuft 
and  effectiveness  measurements  are  given  below. 


TAH(.K  1  Airflow  condltiOrui.  tecta  ond  geoeetriea 
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Velocity  ond  turbulence  measurements 

(b) 

Tuft  measurements 

(<■.; 

ht;  and  h;  me.'isiiromrnts 
»  0 

(.1) 

neasuromonts , 

llic  prrnfujre  gradient  in  v.arcy  in  the  wprk inf.  section  witli  no  slot  >r  jet  airflow  proennt, 
f  Meotiuremont  Fooitiona  (all  dimenaionn  in  am) 

^  (a)  r  A'i.3,  7^,.0,  100.0  and  10'/, b;  y  O,  and  0  <  x  <  100.  (b)  As  (a)  hnt  y  =  ^  and  every  up  »o  100, 

.‘iivJ  wool  tufts  every  10  with  '/•  nhd  immediately  in>streai»,  downstream  and  on  either  side  of  the  jet  exi^.  ’^or 
a  few  tests  a  cotton  thiijad  was  used  at  more  potiltions*  (c)  tind  (d)  A  selection  of  4'"'  coor<linr>inn  rrom  an 
intercepting  grid  ol*  x  every  6.25  up  to  '/*j,  every  12,5  up  tx)  125  and  than  fvery  25.0  up  to  inv.5;  and  v  o 
Jind  every  ^  12.5  up  to  t-  50. 

i 
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Kstimatvs  of  95  Perr.mit  Uncertainty  Intervals 

I’m  cO.l  percent;  U,.  lyjd  Hg  <  2  percent;  Uj  ;muI  <  3  pex'ceni  ;  ft  <  •>  " ;  and  ■'  1  percent  ;  <  ? 

percent.;  x,  y  and  •/.  <  0,1  miii  and  low  tux'bnlence  intensity  <  I?  peivent .  For  turbiilenco  i ntensi  ti or.  of  lo, 
juul  SD  percent  baac<l  on  (3)  t.he  uncertainties  are  10.4,  IP. 5  and  PO.O  percent  rr’inectively . 

DISCUSSIOr*  OK  HKSUI.TS 

TuftH 

l  ike  the  results  in  (2)  for  these  results  for  Zjp/D  -  0.2  and  0,4  provide  son'e  indication  of  the 

direction  and  extent  of  the  separate  and  combined  airflows  at  the  different  tost  conditions.  They  show  that 
increasing  xjp/D  increases  the  jet  penetration  for  a  given  combination  of  Mj  and  Mg,  and  sliow  which  airflow 
enters  underneath  the  trajectory  of  the  jet  airflow.  It  Is  mainly  slot  airflow  when  7.jp/D  -  0.?  nnd  when 
v.jp/I)  ^  0.4  it  is  mam  airflow  ay  well  The  most  significant  contribution  by  the  wool  tuft  results,  and 
confirmed  for  some  cases  by  using  a  cotton  thread,  is  the  position  and  size  of  the  zone  where  reverse  flows 
occur  dowTu- treyjn  of  the  jot,  e.?.  see  figure  ?.  Some  of  the  other  detailed  results  are  includerJ  in  the 
subsequent  sections  wheni  t^ey  assist  in  unders tanding  the  interacting  airflovs. 


Spiral  movemant 
<  ^  Mean  direction  A  ftuctuallon 


Figure  2  Sketch  of  cotton  threadn  for  7.aj/D  *  1.0,  y/D  »  0  and  r.jp/D  »  0.4  for  Mg  «  1.0  and  Mj  =■•  2.0 
Velocity  and  Turbulence  Intenoity  I’rofilco 

Velocity  and  Turbulence  Intettsity  Profiles  for  Slot  Geometry.  Figure  3  shows  the  type  of  velocity  and 
tuiHiulonco  profiles  that  can  be  exported  to  approach  the  jet  airflows  as  they  issue  from  the  wall  (Zjp/D  = 
f),  or  the  wall  plunging  (siip/D  -  0,2  and  0.4).  'riiese  pi'ofiles  can  only  be  an  indication,  because  tne 
llu’co  downstreati  positions  (x/D  =  1,2  and  3)  they  are  measured  without  the  jet  being  present;  similarly  for 
x/D  -  0  for  th2  boundary  layer  above  the  slot ,  the  slot  was  not  present.  On  figure  3,  the  height  of  the 
wall  plioiging  is  shown  in  relation  to  the  superimposed  cross-sectional  drawing  of  the  slot. 


Vctoclly  '  n«w  v*t»eHy  r  M 


Figure  3  Velocity  and  turbulent  ini«5nBity  profiler  Figure  4  Velocity  and  turbulent  intensity  profiles 
with  x/l)  and  v  for  y/D  ^  0  one!  variatione  in  M^.  with  x/D  and  y/D  for  variations  in 

At  x/l)  -  f)  the  profiles  are  for  the  turbulent  boimdary  Inyci*  generated  by  the  t.rip  wix'c  vipstroatn  ol*  the  r.lot 
ex  i  ♦  .  As  this  boundar'v  layer  airflow  moves  (lowtv;t'.roarn,  it  mixes  .and  so  contributej;  to  the  development  of 
the  slot  airflovj.  For  7.jp/D  -  0,  the  {ippro.'iching  airflow  is  always  ho^jndnry  Inyorlike  when  -  0.9  arid 
wall  Jetlike  when  Mg  -  1.0  and  l.S.  For  Xjp/D  =  0.2,  t!\e  jet  exit  plane  is  almost  level  with  the  top  of  the 
slot,  bo  excof)t  for  stnali  cljajiges  due  to  inci'eanes  in  Mg,  the  approaching  nirilow  ie  predominantly  the  mail, 
uirflow  slightly  nvodifxed  by  the  turbulence  boundary  layer  from  above  the  slot  exit.  For  /'ip/D  =  0.4  the 
exit,  piano  is  almost  m  the  uniform  velocity  ond  turbulent  r’Cgion  of  the  main  airfJow. 
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Velocity  and  Turbulence  I»ten«ity  Profiles  tor  Jot  Gtecmetry.  Those  are  shown  in  rij»ure  4  at-  iwo  imit-ually 
pei'pendi cul ar  diameter's  in  the  jot,  exit  plane  for  jet  mass  velocity  ratios  of  O.f),  l.n  and  ?.r».  The 
velocity  and  turbulence  profiles  are  similar  to  fully  developed  turbulent  pipe  flow.  Tn  <he  v  direction  t>ie 
profiles  are  symmetrical  about  the  jot  centi'clinc,  but  in  the  x  direerron  they  are  not  because  of  a  riRht- 
angied  bend  upstream  of  the  jet  exit. 

Velocity  and  Turbulence  Intensity  r*rofilcs  for  Combined  Slot  and  .lot  Geometries.  p*or  a  limited  number  of 
flow  conditions,  these  profiles  quantify  and  show  clearly  and  in  more  details  than  with  wool  tufts,  many 
featur'OB  of  the  jet  airflows. 

Figure  'j  shows  how  the  resultant  airflow  from  t»'i  jet  at  Mj  ^  1.0  and  the  slot  at  Mg  ^  1.0  changes  as  the 
wail  plvaiging  increases  from  '^jp/D  =  0  to  O.^  and  0.4.  At  x/D  =  1.72  there  is  a  region  of  low  velocity  and 
higii  turbulence  intensity  which  is  characteristic  of  wake  flow  and  increases  in  depth  from  the  wall  as  i’ip/b 
increases.  Above  this  region,  the  velocity  profiles  at'e  similar  to  the  fully  developed  pipe  flow  of  the 
entering  jet  airflow;  but  distorted  downwards  and  accelerated.  The  turbulence  intensity  "peaks'*  above  and 
below  these  profiles  at  the  mixing  region  between  the  top  of  the  jet  airflow  and  the  main  airflow,  and 
between  the  bottom  of  the  jet  airflow  and  the  slot  and/or  main  airflovB.  The  velocity  of  the  airflow  in  the 
wakes  for  -/jp  »  0.2  and  0.4  are  higher  than  for  7.jp  =  0  and  the  turbulence  intensities  lower,  probably 
because  the  slot  airflow  can  pass  more  easily  tMiund  the  wall  plunging  tlian  the  interacting  jet  airflow. 
There  is  little  difference  between  the  velocities  in  the  wakes  for  the  wall  plungings  because  they  ore 
deeper  than  liie  slot  airflow  (figure  3).  However  the  turbulence  intensity  is  lower  for  probably 

because  the  interaction  is  between  the  slot  and  jet  airflows,  whereas  for  Zjp/D  *  0.4  it  ‘is  between  the  jet, 
slot  and  main  ai:'fLows. 
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Figure  5  Velocity  and  turbulence  intensity  profilei  with  x/D  and  v.  for  Xgj/D  *  KO,  y/D  =  0, 
Mg  ^  Mj  1.0  and  variati<mu  in  Zjp/U 


/\t  x/D  P.Oy  for  2jp/0  =.  0  the  wake  is  deeper  and  has  a  slightly  higher  velocity  hut  the  airflow  ab..  it 
has  decelerated  considerably.  For  J’-jp/D  *  0.?  and  0.4  the  velocity  profiles  close  t>  the  wall  are  no  longer 
wakei ike  but  are  wall  jetlike  with  an  associated  reduction  in  turbulence  intensity,  .ndicating  that  the  slot 
airflow  cotuing  around  the  wakes  has  t'oestahl ished  at  the  centre  line.  As  might  be  expected,  the  velocity 
for  larger  than  for  zjp/0  =  0,2  because  it  is  easier  for  the  slo<:  airflow  to  enter  underneath 

a  jet  airflow  which  is  further  above  the  wall.  With  the  jet  uenotratia.i  and  spread  increasing  into  (.he  same 
main  airflow  conditions,  the  difference  between  the  m-iximum  velocities  is  reduced.  From  the  tuft  results 
for  Zjp  "  0  at  z  ^  10,  20  and  30  rnm.  &  -  30,  10  .-ind  5  those  corrospom*  to  B  ^  30,  20,  lb  ®  for  =  0,2 
and  to  0  V  40,  40  and  20  **  for  V'jp/D  =  0.4. 

From  x/D  =  to  7.46,  the  development  of  the  resultant  airl'lows  o.an  he  divided  into  two  regions,  one 

above  and  the  other  below  t.he  I'-cu.^  of  the  inaximiim  turbulence  intensity  avfay  from  the  wall.  Above  the 
^ocuy,  the  mixing  of  the  main  and  the  jet  airflows  continues  to  wove  outwards,  moving  in  this  direction,  the 
local  airflow  velocities  first  Increase  and  then  decrease,  below  the  locus,  as  decreases,  t.ie  amount  of 

the  airflow  reaching  the  centre  line  increases.  Close  to  the  wall  the  wakelikp  airflow  for  n 

become-y  wall  jetlike  aa  the  velocity  increases  and  the  turbulence  decreases.  For  =  0.2  ond  •''.4  the 

form  of  the  profiles  is  wall  jet  like  and  does  not  change  with  increaning  x/D.  Furtiier  t’cwnntream  at  x/h  - 
3. '>8  v;ool  tufts  sliow  that  the  airflow  is  still  moving  away  from  the  wall.  For  /-ip/h  =  C.  at  z  ^  V\  ?o,  vi, 

40  and  mn,  G  =  20,  20,  10,  5  and  5  these  correspond  to  B  -  2n,  30,  ?0,  and  h  *  for  /-ip/D  =  0.2  and 

to  ft::  20,  30,  30,  15  and  5  ®  for  Zj»-/D  =  0.4.  **  tween  x/0  -  3,9R  .and  7.46  and  below  /  =  30  rnm,  the 

\oiocity  and  turbulence  intensity  profiles  undergo;  a  significant  development  towai'dii  thoro  for  a  turbulent 
boutidury  layerliko  flow.  Abcjvo  this  height,  the  mixing  region  continues  to  spread  upwards  into  the  main 
airflow  and  has  reached  z  =  /Q  mm  at  x/D  ^  7.4G.  At  this  position,  B=  10  ®  for  all  z. 

Kigurf  On  shovjf;  that  the  fionetration  of  the  jet  airflow  is  not  altered  ssigni f icantly  by  increasing  Mj,  from 
o.Vi  to  1.5  for  '4jp/D  -  0.2  a(.  Mj  1,0.  This  is  because  the  je(  exit  is  above  the  idol  aii'flow  and  »ho 
prefkimi  nan  Uy  rrtjin  airflow  Is  not  altered  by  increases  in  Mg,  see  figure  3.  tlowevcr,  at  any  x/D  the  amount 
of  airflow  below  the  mixing  region  incrcosos  with  Hy.  This  probably  arises  bocauso  us  (he  jot  airflow  moves 
away  from  the  wall,  the  slot  aii'flow  moves  into  and  behind  the  wake  downstream  of  the  wn M  plunging.  For 
Zjp/D  =  0.4,  see  figure  6b,  the  diuUincc  from  the  wall  to  the  mixing  region  is  by  comparison  everywhot'c 
liu’ger  than  lor  the  rnrrnsponding  x/D  for  4jp/D  s  0.2.  The  penetration  of  the  jet  airflow  is  again  not 

altered  significantly  with  Mg  because  the  jet  airflow  issues  into  the  uniform  mair.  airflow,  hut-  n  trend  with 

M,.  ,s  discernable  between  x/h  =  1,72  ami  3.90.  At  x/D  1,72  it  is  likely  that  tlio  turning  distorted  jet 


Distance  mm 
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airliow  LS  drawn  towards  the  wall  as  decreases  because  less  air  is  available  to  fill  the  wake.  Tins  lack 
of  air  is  noticeable  particularly  at  the  wall  for  Mg  =  0,5  at  x/l)  =  ?,hg. 
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’•'iguro  ti  Velocity  and  turbulence  intensity  profiles  with  x/D  and  x  for  Xgj/h  =  1*0,  y/I)  =  O,  Nj  =  1.0, 
variations  in  Mg  and  (a)  ^jp/0  *  and  (b)  r.jp/D  ^  0.4 
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Kijjure  7  Velocity  and  turbulence  int-'nsity  profiles  with  x/D  and  d.  for  Xgj/D  =  1.0,  y/t)  0,  =  1,0, 

variatione  in  Nj  and  <o)  -  0.2  ind  <b)  zjp/D  =  0.4 


Fiiyires  7n  and  b  show  tnat  the  rcjuiltnnt  airflow  changes  are  considerotle  as  Mj  increases.  Fi/iure  7a  shows 
at  x/D  ^  1 , 7i>  the  velocity  of  tho  airflow  in  the  wake  increases  as  Mj  increases,  indicating  it  is  easier  for 
Uio  slot  and  main  airflowc  to  enter  unde»'neoth  the  Jet  airflc-wo.  £*y  x/D  =  2.99  the  velocity  and  turbulence 
intensity  profiles  are  sifniiar  for  Mj  =  1,0  and  2.0  and  close  to  the  wall  they  are  boundary  layerlike,  but 
for  Mj  =  o.lj  wakelike  flow  exists  at  least  to  x/D  «  3.98.  The  development  of  the  airflows  close  to  the  wall 
for  /.jg/D  =  0,4  shown  by  figure  7b  is  more  rapid  because  the  jet  exit  is  further  from  the  wall.  Also  the 
wail  plunging  guides  the  slot  and  moin  »;rflown  into  the  wake  a?;  r.hovm  at  x/l)  =  1.72.  This  is 
part  1  c'llr  rT  y  nf*t.ireahU'  for  Hj  ?,0  where  the  velocity  profile  retains  its  wall  jetlike  profile  at'  r. 
ve lo<r  1  ty  ratio  of  noorly  otie.  Detween  x/D  =  1,72  and  2.99  the  developments  of  the  airflows  close  to  the 
wall  are  nearly  complete;  the  airflow  for  Mj  =  0.5  needing  a  further  distance  to  achieve  the  same 
develofxnent  us  the  other  two. 

Effcctivcnces 

Included  jn  fiyuri'S  8  to  if-  arc  the  effectiveness  results  foi'  the  slot  without  the  jet,  and  t*.  jet  v'jt'hout- 
thc  slot,  1.0,  n  flat  surface  from  the  trip  wire  to  the  jet.  These  are  respectively  rcforrerl  ♦  as  t»ie 
"nlot  uione"  or  the  "jot  aloti.,-".  If  is  relevant  to  note  th.^t  by  presenting  r  j ,  Hg  and  in  el'fcrt  I  -  n  ^ , 
the  coptposition  of  llio  resul  tatil.  airflow  at  the  wall  can  be  appor^i<ined  to  the  jei^,  slot  and  inai  air'^lov/s 
r’C  sp  ec  t, »  VC  J  y . 

Varifitions  with  Wall  Plurtgo  Height.  The  main  features  of  figures  h,  o  in  are  discussel  first^, 

pi-ov;ilo  ;ti  cvoiviow  of  how  incraaf;ing  -/.jp  fiom  n  l;o  C\,?  yiwl  ft, 4  alt.m*  pj*  n.;  •'nd  iig^  with  x/n,  M,.  find  Mj  fnr 

Xgj/h  -  1  ivifl  y/U  -  0. 

Itj  gertoral,  increaLung  xjp/D  decrease.s  pj  (figure  8)  because  the  jci  exit  is  liftofl  above  (tie  wall, 
increunes  'ig  (figure  9)  oecnune  the  slot  airflow  can  enter  between  the  wall  and  ttie  underside  of  the  jet 
airflow,  and  tlecrenscs  Hsj  (fiyuro  10)  for  Mj  ^  0.5  and  1.0  but  inrroacos  ni.j  for  Mj  -  2.0,  The  wakes 
1  omicd  downuti'com  of  the  wall  plunging  seem  to  extend  to  about  x/D  =  4,  c.g.  see  the  nj  ha  fo**  ^'jp  = 
and  0.4  wlien  M,.  =  1.0  and  Mj  =  0.5  on  ITgureu  8  .'wid  9  respoc lively.  Pownstrearn  of  the  wake,  all  the  results 
for  hj  «nd  He  with  x/D  deci'ease  slightly  or  are  constant.  With  a  few  cxrei>t i ons ,  all  the  large  changes  for 
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^4  and  With  x/D  t>ccur'  in  the  wake  region  <lownst-ream  of  the  wall  pluncirtj».  Only  when  ^  =  o.h  .ir.d  *' 

0  or  0.2  are  the  Hf-j  resul  tj>  similar  to  those  for  the  slot  alone,  otherwise  they  i-^ro  lower  hy  more  than  o 
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figure  8  nj  wiUi  x/D  for  Xqj/U  »  1,0,  y/D  -  O 
and  variafciona  in  7.jp/D,  and  Mj 


Figure  11  hj,  hp  and  4^^  with  x/D  for  x^j/D  =  1.0, 
y/l)  0,  zjp/u  =  0  ond  variations  in  Hg  and  l*j 
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Figure  9  hg  with  x/D  for  Xyj/P  «  1,0,  y/D  -  O 
and  variations  in  "s  ‘'™'  "j 
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Figure  12  ^  u  with  x/D  for  Xgj/D  =  1.0, 

y/D  =  0,  z ip/ D  ■=  0.?  and  vorifiiionn  in  and 
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Figure  10  rvjj  with  x/D  for  x.  ^  J  =  1.0,  y/D  -  0  Figure  13  e;,  n«  **nd  n^j  with  x/D  for  x^j/D  1.0, 

*  *  -  -  '**  “  —  y/D  0,  /.|«/d  ^  0.4  and  vuriutioiiu  in  Kj.  and  j 
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Fatiuieti  iL,  anci  13  are  luclmicd  to  provicJe  on  overview  of  the  cont.rilnjf 'oii  of  Hr;  Hr.  i  •  with  x/H, 

Ms  uiitl  I'ij  1  or  Xsj/^  "  I  whei»  y.jp/l)  "  0,  0.2  and  0,'t  respectively.  Affr-  4  iien^d'nl  ilftscript  i  ori 

or  these  results,  duritjij  which  a  number  of  trencia  will  be  iden  ti  ,  a  detailed  discission  of  the  results 
for  Wiih  x/n  niui  y/H  will  follow. 

For  y.jp  --  «i,  fig'ire  11  shews  that  except  for  the  wake  Z(>ne  for  Mj  -  ‘>.h,  the  Rq  ^  results  are  lr*wcr  ihan  the 
ccu'r’Qspondiny  results  for  the  slot  alone.  If  the  results  at  x/r»  =  1,72  and  ^  2.0  arc  excluded  v.’ith  those 
for  M<;  ■  O.h  aiid  Mj  =  l.a,  then  the  trend  of  ?ij  with  x/D  always  deci’casua  and  the  trend  for  alv/ays  hevs  a 
mnx  imiun  ett  the  end  of  the  wake  /.one  where  x/D  is  between  3  and  4,  The  contribution  of  to  is  f*enerally 

hrwor  when  ttie  slot  nii'flow  is  boundary  layerlike  (M^  =  0.5)  Uiun  when  it:  is  wall  Jotlike  (Hy  1.0  and 

Foi'  -  0.2,  fip,ure  12  shov/.'j  that  close  to  the  jet  exit  the  hsj  results  are  the  same  oi*  sli^^htly  lowei’ 

than  those  for  the  sl<'t  -ilone.  Furt.her  downstream,  the  differences  increase  with  x/h  and  M^,  by  about  0.2 
at  iMj  -  2.0.  The  trends  for  Hj  and  hg  with  x/P,  when  Mg  -  1.0  and  1.5  with  Mj  »  0,5  and  Mg  =  1.5  v/ith  - 
1.0,  are  the  same  as  those  for  i^jp/0  -  0.  For  all  the  other  results,  the  trend  is  for  Ht  to  decrensG  with 
x/n.  Ulien  Mg  =  Mj  =  l.O,  the  trend  is  for  nj  to  decrease  with  x/0.  The  trend  for  the  romaininft  i-efeulls 
v;i.th  x/Li  show  hj  is  a  niaximum  at  .ibout  x/D  =  3:  when  Mj  -  2.0  this  .lust  discernible.  The  contribution  of 
nj  to  Ryj  decreases  as  Mj  increases. 

For-  /jp/O  “  0.4,  ‘igypp  13  shows  that  the  results  for  ^  with  x/U  are  similar  when  the  slot  airflow  is  wall 
Jetliko  =  1.0  and  1.5),  and  similar  hut  lower  when  the  slot  airflow  is  boundary  layerlike  =  0.5i. 

When  Hg  =  0.5  with  Mj  =•  0.5  and  1.0  the  trends  in  and  he.  are  the  same  as  those  described  for  Zin/h  =  d; 

excluding  the  results  at  x/D  =  1.7?  for  Mj  =  1.0,  All  the  other  results  for  0  g  decrease  with  x/P,  The 

results  for  hj. ,  v;hen  they  are  not  /.ero  (Mj  =  ?.0)  first  increase  and  then  become  constant. 

Wall  Munge  Height  of  0.2.  Figure  14  shows  that  the  results  for  Oj  wi*h  x/P  and  y/h  resemble  a  ’’long 
sloping  mound".  The  slot  airflow  has  caused  all  the  results  to  be  lowrr  -ban  those  for  the  ,iet  alone. 

Laj’ge  differcncfis  occur  in  the  wake  region,  o.g,  see  figure  o,  which  extends  downstream  of  the  .let  exit  to 
about  x/D  =  4.  Downstream  of  this  the  developments  of  the  jet  airflows  are  similar.  For  all  the  results 
some  of  the  jet  airflow  remains  in  contact  with  the  wall,  even  though  it  is  only  just  discernablo  when  s 

r.O  and  x.^D  >  4, 


M.aO.S  &  M.  *1.0  »  M,  al.S  h.,/ D  ■  t.O  <„^D»0.2 


*  /  O  y  /  0 


Figure  14  nj  with  x/D  .oml  y/0  for  -  1.0,  zjp/O  •=  0.?  rmd  variations  in  Mg  .ind 

The  rt.'sii]  ts  (oi-  rij  v/iLh  x/I)  aufi  y/l)  i  or  -  0.5  and  M.,  -  l.o  and  1.5  are  almost  irlentical  and  smiini'  to 
thoHC  ffu'  Mg  --  1.5  iuid  Mj  l.O.  The  docre.'ise  in  tv  with  x/D  indicates  the  jet  airflow  is  spre.ad  i  ng  as  i* 
fnoves  downs I'.i-eain  and  nwiiy  f ron  the  wall.  (■  or  Mg  ^  Mj  =  0,5,  dj  has  a  maxiitium  at  x/D  =  2.  'I’his  is 

consistctii  with  the  jet  airflow  being  drawn  down  to  the  wall  os  it.  spreads  and  moves  downMiream.  For 

Mg  Mj  -  't,  Rj  witti  x/P  .s  almost  constant.  This  is  because  the  mOfin  velocity  of  the  Jet-,  slot  and  ireau 
airf  lows  are  the  sarne. 

Figure  15  shov'S  lhat  R.,  with  x/D  and  y/D  rescnblos  a  "volley”  when  compare**!  to  Rr  for  the  slot  alone.  For  Mj 
0.5  ,111(1  My  -  l.tT  .at  y/D  -  n  f^tid  x/I'  "  1  is  a  maximum.  This  position  is  about  coinci'lent  vfi  th  the  end 
of  the  v;ake.  1*  is  sugges'-ofl  that  the  increases  in  Hi.  which  occur  up  to  x/D  -  3.4n  and  l•xtf»lld  to  about  v/H 
*''.5  .arc  cf^'viscvl  by  Mie  slot  airflow  as  it  moves  riownr. trearo  entering  progressively  the  sides  of  the  v/ake. 

After'  whn  ii  th<-  slot  nii'flow  moves  in  behind  the  wako  and  underneath  the  developing  airflow.  'I'tie  same 

t-rends  occur  foj-  when  M*.  =  1.5  and  =  f).5  and  1.0, 

lor  all  *  he  other  I'Oriultr.  n,_  decreases  more  rapidly  with  x/D  a*-  y/D  =  0  than  for  the  slot  ^lone.  This  is 
proli.'dily  heCi'iuso  ttie  slot  airflow  not  on]*/  mixes  with  fhc*  main  .airflow  hut  it  move:;  undorneatl''  ?»nd  mix^s 

with  the  jei  ■-iirflnv;  as  well.  Downstream  of  the  wake  for  Hj  ••  ]  .O  and  Mg  -  0,5  air  is  drawn  '.ii>  undc'-r.ont  li 

t.!ic  jpt  nirflov/  as  ll.  moves  nv/ay  frx^m  tfie  wall,  and  this  extends  beyond  y/D  =  P.R  for  x/!'  5.47  lo  V.4n. 

The  trend  is  more  prouounrod  foi*  Mj  -  2.0.  For  Mj  =  1,0  and  2,0  for  I  .R»  it  is  less  uronounced  hrcauue 

t.)iC*  liot'i  vio’ital  inoiren  fAjii.  of  the  slot  airflow  in  greater,  and  no  less  likv'ly  to  be  rlrav/n  no  mulrr’noyth  ttio  jet 

airflow,  e.g.  ‘-ee  ti.  with  y/D  at.  x/D  7,46  co.-npared  t.o  *'he  corresponfling  fuunhtions  for  Mg  = 
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At^oUior  Uend  present  in  nearly  all  tho  ry^nuHs  is  for  y/D  >  I  when  with  v/h  is  hirh^sr  than  \  for  the 
slot  alone,  o.e.  when  Mp  =  Mj  -  0.r>  at  x/D  -  .*.*^0  to  7. an.  This  is  an  indication  that  tho  slot  ait'flow  xu 
|■oroP<^  tn  inov<}  out  at  tho  wall  and  go  around  the  •>l>sti\tction  caused  by  the  wall  plutiging  an<l  tho  jot 
a  ii'f  low , 
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l-'igurc  15  ns  7.jp/n  *  0.2  and  variat.ionn  in  Us  And  Nj 

At  x/n  -  1.7?  for  Mj  «  2.0  and  My  =  1.0  and  1.5  ps  conctant  with  y/h,  whereas  at  x/h  =  there  is 

evidence  of  a  wake.  This  is  consistent  with  the  slot  airflow  being  drawn  up  behind  the  jet  airflow,  see 
f  igip'O  2 . 
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Kiguro  16  rigj  with  x/l)  and  y/O  for  =  l.O,  *jp/h  =  0.2  ond  VHriations  in  ’■p,  ond  **1 

All  tlic  rj  g  j  results  with  x/D  at  y/D  -  0  shown  by  figure  16  have  tho  same  trend  and  are  lower  than  lf»o 
rorreupond'-ng  resullii  for  the  slot  alone.  Increasing  Mj  always  tlecreases  n<;j.  At  other  y/Ds  there  are  some 
iivsteincns  v/hero  h.  is  lower  and  higher  than  for  for  the  slot  alono,  e.g.  when  Mj  =  ~  0.5  at  x/h  = 

■"■Illy  for  t>«o  results  for  Mj,  -  0.5  and  Hj  ^  l.O  and  2.0  does  the  jot  airflow  disrupt  t\ie  slot  airflow  hevond 

yO)  ?. 

Wall  klunp.c  Hoifihts  of  :kA  and  :<  1?.  To  examine  tho  effect  of  increasing  /ip/D  above  Q.d  a  limited  number  cf 
tes hJ  were  umler' taken  with  the  wall  plunging  extended  to  beceme  a  cylinder  ^rom  the  base  to  the  t'oof  of  the 
working  section,  i.«?.  ^  I?  and  Mj  -  0.  These  results  for  ns.  are  shown  in  figure  17  witli  x/h  and  y/0 

lor  My  -  O.S,  l.O  aixl  T.b.  These  results  are  compared  to  the  corresponding  ns  I'cuults  for  nnd  Mj 

-  where  the  jet.  airflow  does  no*  provide  r»ny  of  the  airflow  adjacent  to  the  wall,  i.e.  nj  ~  ^ 

r  ^1),  (see  figure  I'i).  Nevertheless  the  .airflow  adjacent  to  the  wall  is  affected  by  the  jd  .'lirflow.  This 

u.**  very  evident,  fesr  Hy  ^  0.5  at  y/D  -  n  and  x/P  ^  1.72  and  2.52.  Tho  differences  are  due  to  fhe  wake 
downs t.roam  of  Die  cylinder  extending  .'ilong  its  whole  length,  whereas  t  '>  wake  for  the  wall  plunging  onl.v 
ext/jiKis  helcw  the  jet  airflow  os  it  mover,  away  from  t.lic  wall;  see  figure  '/a  at  x/D  1.7?  for  Mj  ?.0  and 

olLhough  for  M.,  -  l.n  and  not  My  =  0.5  it  will  represent  the  type  of  airflow  adjacent  to  the  wall.  Thus  the 

>nkc  downstreain  of  the  wall  plunging  can  be  filled  from  above  by  the  rjiain  airflow  entcrine  underneath  the  je’ 
airflow,  but  the  wake  for  the  cylinder  can  only  enter  from  the  sides.  The  jet  airflow  also  draws  up  air  as 
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U  movoft  away  t  mm  Vxo  wal  I  oauRing  »V.  for  c-ylindor  to  boeoino  larfipr  off  th«  cent.ro  lino  than  for  '^-jp/n  ^ 

0.‘1  nn  x/D  increases,  lice  l  1'^  nf  x/D  lo  7.ilfi.  i\i  x/H  _  S,47  «nfl  7.ijn  ihe  I'osiil  fs  Per  w*.  - 

0 ,  n  whojj  compared  to  those  for  tho  slot  sluw  tlmt  the  rii  !>turh/inoe  oause<l  by  the  cvlincier  and  the  wall 

piiuiKinp,  extoivl  heyond  y/n  =  , 
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Figure  17  rig  with  x/O  and  y/D  for  V.jp/D  0.4  and  Hj  =  2.0  and  K^p/U  =  and  =  0 

Ihc  elTect  of  the  jet,  compai'ed  with  Uie  cylinder  is  to  increase  immediately  downstream  of  th-  .let,  ♦•he 
effect  being  gteator  for  Mg  -  0.5  und  1.0.  At  x/D  -  1.7?  Ihe  I'csuitc  with  y/O  show  that  ar-  incrensos, 
the  wake  str.e  downstream  decreases.  At  positions  off  the  centre  line  the  entrainment  of  oir  by  the  ,iet 
acts  to  reduce  h,,  for  x/D  from  3.46  to  7,46;  the  effect  being  greater  for  lower  f-V. 

Variattona  with  Downstroam  PistancoG  of  Jot  Centre  Line  ft'om  Slot  t'xit  nnd  Wall  ^^hinsn  Height,  nir.  nffert 
moving  the  jet  furtlier  (Jownstream  of  the  slot  exit  fix>in  Xgj/D  =  I  to  ?  and  3  on  with  xVo  at  v/n  =  n  and 

for  7.jp/I)  =  0  and  0.2  at  My  »  Mj  s  i.o  is  shown  by  figure  16.  Tlie  results  for  s^p/D  «  o,4  are  not 
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Figure  16  n^;  with  x/l)  and  v/0  ^  O  ami  y/D  =  O  and  ?,0,  M  =  1.0  and  vtiriationu  in  x-i/I) 

for  .  6  imd  0.2  ' 


Fur  v.jp/D  -  0  iutU  n..?  at  y/D  -  0  the  Hj-j  ro<;'.il»5;  for  increases  in  xjp/D  closer  to  ^  or  exc'^^eri  ^jp/h  -  o 

for  x^^j/D  =  ?  and  3  just  downstream  of  the  jet  exit)  those  for  th<A  i-lot  alone.  li;  genorol,  Mmv  is  hecau^-'^ 
adjacc.1t  !:■:>  the  wal  I  rrort?  of  the  slot  airflow  .i|jf:tre?ui!  of  the  jot  in'listiirbed  -imiI  them  i;;  loss  i;lo* 
au'l  low  downstream  lo  be  disturbed.  For  -  0  Hj.  {  '*b  j^reator  thatj  hj.  for  tho  slot  alonr  hoenuso  ♦hr 

ibution  of  ri  j  increases  'A'lth  increases  in  Xyj/D  jot  dov.’nst-rr^n!n  o!  1  no  jet  exit.  Firn^'e  3  ^'ives  snmf’ 
indication  of  how  tlic  slot,  airflow  at  the  wall  is  reduced  t develops  as  it  approaches  the  jet  exit  for 
-  I  to  3.  For  Xj.j/D  2  at  y/l)  -  ?  the  n^j  r*»su- ♦‘S  arc  greater  than  thor.e  for  the  slot  alone  foi 
/D  -  tJ  aiu-l  This  induat.aj:  that  obstruction  to  rh.'  slot  aii'flcw  caused  by  the  jet  ai.rTlrv/  with  or 

withcxil  plunping  in  vJi dor. 


.^4-1(1 


CONCLUSIONS 

5  Lx|)«r  imen  <-al  clalji  ahovMup,  t.h«  inV.eract  ion  of  i.he  jeL  and  t.lot  feirTlows,  with  nncj  without  olunp.inj',  and 
at  thret*  !>Iot  cxiL  to  jet  centre  line  tiistances  (Xj,j)  have  been  prefjcntetl  and  som<-  sip,nirican^  I'cntures 
(iiscuBHOd.  In  addit  lon  the  separate  contributions  of  the  nlot-  an!  jet  airflows  to  the  effect  i  venese  are 
shown. 

7  \ii  1  £5  >(*.11  known,  the  pcjietration  *•!'  the  jot.  into  ‘he  mainstreafn  increases  with  the  jet  mass  velocity 
ratio  (Mj)  and  as  expected  alf>o  with  wa!>  plungiiifj  hcif.ht  (zjp/0). 

.•  The  raaullB  siiow  that  tlie  major  interactions  between  the  three  s-irflows  occur  in  a  small  recion  just 
downstream  of  the  jet  centre  line  (3  D  lon^  by  ^  1  0  widel. 

h  The  effect  of  wall  plunging  is  to  increase  the  combined  slot  and  jet  effectiveness  ^nsj)  largo  jet 
tnas.*.  velocit>  ratios  (i.e.  Mj  2<0)  but  to  reduce  it  for  Mj  -  1.0  and  l.‘>. 

For  most  practical  combustors,  where  Wj  >>  2  ond  the  slot  mass  velocity  ratio  (Mgl  >  1,  is  lower 
tha)i  the  unciisrupted  uiot  of fectivoness  (Hg)  by  about  0.3.  Under  these  conditions  incrnacinp.  the  wnll 
plunging  height  (xjp/D)  appears  to  r^ive  a  small  increase  in  rvj*  Although  increasing  beyond  0.4  is 

not  likely  to  be  beneficial. 

Pased  on  results  for  !«‘g  ^  Mj  =  1  the  effect  of  the  jet  upon  luj  can  be  reduced  by  increasing  the  slot  exit 
to  jet  centre  line  distance  (Xgj/Dl. 
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DISCUSSION 


K.Kggcbrt'clit,  (ic 

( 1 )  C'aii  ymi  pk’JtbC  iitiolv  absniulc  vatucs  of  concciiUaiion  raics  for  injection? 

(2)  Dit)  yoti  measure  local  conccnlraittms  ami  what  percentage  tif  lluiil  lltnv  was  suckctl  lor  mcastircnicnls? 

( j)  l  iiially.  can  on  please  quote  ilte  typical  range  of  mcastircmciil  errors? 

Aulhor\  Reply 

1 1 )  ( )iie  pereenl  by  volume  for  helium. 

(2)  Hktc  were  4S  tappings  three  of 'vhk'h  we  used  for  lefercncc  (cyclic every  20  secniuIs).The  suction  rate  was 
2.fi  em'^s  altliough  I  JUI  explore  a  range  of  a  factor  of  10  on  that  .2  up  to  2.5  cm  Vs  to  see  whuMlier  taking  it  away 
rruiii  the  wall  had  any  hearing  on  it  —  aiul  it  did  not.  So  I  am  satisfied. 

(.t)  On  ail  the  work  we  do  we  estimate  the  uiiecitainty  on  all  the  meaMired  quantities  and  wc  calculate  it  on  all  those 
coming  out.  rite  results  are  all  given  in  the  paper. 


S.Wittig,  Ge 

In  co»’relatihg  your  data  you  use  the  mass  velocity  ratio.  It  seems,  however,  that  the  impulse  ratio  is  tlie  proper 
par,iiMeler  as  has  been  used  in  the  work  by  Cox  et  al.  as  well  as  in  our  own  work.  Which  tipproaeh  is  to  be  preferred? 

Author's  Reply 

No  attempt  has  been  made  to  regress  the  cxpcrimcnlal  data,  only  to  describe  lire  phenomena.  The  mass  velocity  ratios 
Itave  been  used  to  identify  the  experimental  levels  for  the  slot  and  jet  airOow.  I  hc  choice  of  mass  velocity  or  momentum 
ivoiild  not  affect  the  presentation  of  the  data.  M  regression  of  data  is  to  be  aHempted  it  shotild  be  based  oti  a  model 
whicli  coaid  include  lotif  features  of  the  interacting  flows. 'Iliesc  would  include;  boundary  layerlike  and  wall  jcitikc 
features  and  when  the  jet  airflow  does  and  docs  not  lift  off  from  the  wall.  I'or  l!ie  slot  airfltiw  the  mass  velocity  ratio 
would  be  appropriate.  However  for  the  jet  airflow,  its  distance  from  the  wall  influences  its  contribution  to  the  cooling  al 
tile  wall,  rbcreftire  the  momentum  ralii)  would  be  appropriate. 
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SUMMARY 

The  purpose  ol  this  paper  is  to  brielly  review  some  ol  the  work  at  Allison  that  has  been  aimed  at  the  synthesis,  characteriza¬ 
tion,  and  evaluation  of  several  alternate  types  of  advanced  wall  cooling  schemes  —  specilically,  lilm-conveclion  cooling,  lami¬ 
nated  porous  wall  cooling,  and  angled,  multihole  (effusion)  cooling.  The  concept  delinition.  heal  transfer  performance 
characlerizalion,  and  design  problems  associated  with  each  basic  concept  will  be  reviewed,  and  relevant  rig  and  engine  experi¬ 
ence  will  be  cited.  A  bi  ,ef  assessment  of  the  structural  limitations  ol  the  several  cooling  schemes  will  also  be  made,  together 
with  a  review  ol  the  key  materials  and  fabrication  considerations. 

I.  INTRODUCTION 

Over  the  past  16  years,  the  problem  of  combustor  liner  cooling  has  received  increasing  attention.  This  trend  reflects  the 
continuing  emphasis  on  turbine  engine  component  performance  improvement,  as  well  as  the  concern  regarding  durability  and 
service  life  depreciation  as  operating  temperatures  are  increased.  Although  attention  to  cooling  problems  has  traditionally  been 
focused  on  (he  high  pressure  (HP)  turbine  for  obvious  reasons,  combustor  liner  cooling  should  be  viewed  as  a  technical  prob¬ 
lem  of  at  least  equal  importance,  and  one  which  must  be  systematically  addressed  if  projected  performance  gains  and  'durabil¬ 
ity  improvements  (in  both  combustor  and  turbine  components)  are  to  be  achieved. 

At  the  comparatively  modest  burner  outlet  temperature  (BOT)  levels  typical  ol  all  but  the  most  recent  production  turbine 
engines  (BOT  <  1 S  tOK),  experience  has  shown  that  liner  wall  cooling  could  be  effectively  achieved  with  simple  film  cooling 
from  slots  and  louvers.  In  this  situation,  relatively  massive  tangential  slot  flows  provide  sufficient  gas  side  cooling  air  Him  pro¬ 
tection  so  that  gas  to  wall  heal  flux  levels  can  be  reduced  to  manageable  levels.  The  system  has  the  inherent  advantage  of  sim¬ 
plicity,  and  fabrication  technirtues  are  well  in  hand.  Furthermore,  the  large  tangential  slot  flows  tend  to  produce  a  more  nearly 
two-dimensional  (2-0)  flow  situatio.n  In  the  near  wall  region,  masking  to  some  extent  the  tioublesome  three-dimensional  (3-D) 
(low  field  effects  always  present  in  combustors. 

The  principal  disadvantage  of  the  pure  film  cooling  approach  is  that  the  heat  sink  piolenlial  ol  the  cooling  air  (in  terms  of 
active  wall  cooling)  is  not  affectively  uHlIZod,  and  cooling  air  flows  represent  a  significant  portion  of  the  total  flow  entering  the 
combustor  —  often  as  much  as  SO  or  60%  ol  the  total.  This  situation  becomes  aggravated  as  burner  outlet  temperatures  are 
progressively  Increased  because  the  percentage  of  total  airflow  required  to  support  cembustion  (and  effectively  control  burner 
pattern)  soon  exceeds  that  which  is  available.  Consequently,  attention  must  be  focused  on  wall  cooling  schemes  that  make 
more  elficlenl  use  ol  cooling  air,  allowing  the  designer  more  latitude  In  overall  secondary  airflow  management. 

The  purpose  of  this  paper  is  to  brief'/  review  nome  of  the  work  at  Allison  that  has  been  aimed  at  the  synthesis,  characteriza¬ 
tion,  and  evaluation  of  three  alternate  types  ot  advjni;ed  wall  cooling  schemes:  film-convection  cooling,  transpiration  cooling, 
and  effusion  cooling.  In  the  material  to  loilov',  the  concept  definition,  heat  transfer  performance  characterization,  and  design 
problems  associated  with  each  basic  concept  will  be  reviewed,  and  relevant  trngine  experience  will  be  cited. 


II.  GE.NERAL  LINER  COOLING  CONSIDERATIONS 


SLI  IHiti  coMlng 


Film-corivKiloii  coolliig  (csnvtellvt  cfiimMll 


Film-eanvicilen  eeelliig  (htiplngaiiwnl) 


The  principal  schemes,  which,  reflecting  practical  con¬ 
siderations,  .epresent  candidate  approaches  to  combustor 
liner  wall  cooling,  are  shown  conceplually  in  Figure  1 .  As 
stated  in  the  Introduction,  simple  slot  film  cooling  has  tradi¬ 
tionally  received  the  most  attention  both  in  terms  ol  applica¬ 
tion  and  lundamenlal  studies.  Because  the  integrity  of  the 
slot  air  film  is  the  key  to  coding  performance  In  those  sys¬ 
tems,  most  fundamental  work  has  been  focused  on  charac¬ 
terization  cf  slot  jel  interaction  with  the  wall  and  the 
mainstream,  and  the  extent  to  which  mixing  destroys  the 
insulating  effect  of  the  air  Him.  These  studies  range  from 
characterization  of  asymptotic  (far  downstream)  behavior  in 
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Figure  1 .  Combustor  cooling  approaches. 


low  turbulonce  Situations  (Ref  1  -4)  to  more  detailed  studies 
of  flow/heat  transfer  behavior  In  the  near  slot  region,  includ¬ 
ing  the  effects  of  slot  geometry  and  mainstream  turbulence 
(fle(5-f1).  More  recently,  studies  ol  film  cooling  through 
arrays  ol  holes  (as  opposed  to  continuous  slots)  have  also 
dbcii  made,  uithough  must  of  these  studies  are  relevant  to 
systems  Involving  more  active  (internal  wall)  cooling  than  is 
present  in  pure  Him  cooled  liners  (Ref  12-15).  Detailed  stud¬ 
ies  of  circular  jet/mainstream  How  Interactions  have  also 
been  performed  to  enhance  fundamental  understanding  of 
these  Inherenlly  3-D  mixing  processes 
(Rel  16-22). 


Although  the  worti  cited  has  greatly  enhanced  the  understanding  of  film  flow  behavior,  significant  reduction  of  cooling 
flows  in  pure  slot  film  cooled  combustors  has  not  been  forthcoming.  This  is  due  to  in  pari  to  the  difficulty  in  maintaining  film 
Integrity  in  a  highly  turbulent  environment  characterized  by  significant  recirculating  flows.  Another  factor  limiting  the  effective¬ 
ness  of  pure  film  cooling  is  that  the  insulating  film  primarily  affects  the  convective  component  of  heal  transfer,  and  has  little 
effect  on  the  significant  radiative  heat  transfer  from  the  highly  luminous  gas.*  Recognizing  this  basic  limitation,  significant 
reductions  in  cooling  flow  requirements  will  be  achieved  only  if  the  heat  sink  capabililv  inherent  to  the  coolant  Is  more  fully 
utilized  in  the  active  mode  prior  to  Injection  as  a  film.  This  has  been  clearly  pointed  out  uy  Colladay  (Ref  23),  and  confinned  by 
our  own  studies,  Figure  2.  The  results  shown  in  Figure  2  should  not  be  interpreted  as  universal  trends,  but  they  do  show  the 
large  gains  to  be  made  if  the  coolant  is  used  to  cool  the  liner  wall  actively  prior  to  injection  onto  the  surface  as  a  film. 

The  foregoing  considerations  have  led  to  the  development  of  several  alternate  liner  cooling  concepts  that  now  show  con¬ 
siderable  promise  from  the  cooling  effectiveness  standpoint.  Iiv  the  sections  that  follow,  three  of  the  more  promising  ap¬ 
proaches  are  discussed  in  more  detail. 


III.  ADVANCED  LINER  COOLING  CONCEPTS 


FILM-CONVECTION  SYSTEMS 


General  Description 


Rellecting  the  considerations  discussed  previously,  use  of  the  coolant  to  cool  the  liner  wall  convectively  prior  to  ejection 
as  a  film  should  offer  some  advantage  in  terms  of  better  use  of  coolant  heat  sink  potential.  Two  schemes  that  show  considera¬ 
ble  promise  in  combustor  cooling  applications  are  illustrated  conceptually  in  Figure  3.  Both  schemes  provide  active  convection 
cooling  of  the  wall,  ultimately  discharging  the  coolant  through  tangential  slots  to  provide  additional  film  insulation.  The  multijet 
impingement  cooling  approach,  borrowed  from  turbine  blade  cooling  technology,  produces  reasonably  Intense  coolant  side 
heat  transfer  coelficients  by  means  of  subsonic,  highly  turbulent  jets.  The  principal  design  variables  in  the  impingemeni  sys- 
terr,  include  hole  diameter,  hole  pitch  (spacing  to  diameter  ratio),  gap  height,  axial  extent  of  each  Impingement  array,  and  (to  a 
limited  extent)  pressure  ratio  across  impingement  holes.  The  heat  transfer  performance  of  multijef  impingemeni  cooling  sys¬ 
tems  has  been  reasonably  well  characterized  by  the  experimental  study  of  Kercher  (Ref  24).  The  axial  extent  of  the  impingement 
array  is  important  because  the  axial  cross-flow  of  air  collected  from  upstream  jets  degrades  local  heal  transfer  to  downstream 
jets.  The  designer  can  control  this  to  some  extent  by  hole  spacing  to  diameter  ratio,  and  by  limiting  the  axial  extent  of  each 
impingement  segment,  the  latter  at  the  expense  of  more  segments  and  increased  fabrication  complexity. 


The  convective  channel  cooling  arrangement  shown  in 
Figure  3b  relies  largely  on  the  cxial  velocity  of  the  coolant 
through  the  double  wall  channel  region  to  achieve  active 
cooling  of  the  liner  inner  surface  prior  to  tangential  Injection 
of  the  air  film.  In  general,  the  convective  heat  transfer  rates 
can  be  enhanced  by  artificially  roughening  one  or  both  of  Ihe 
coolant  side  channel  surfaces.  The  work  at  Allison  has  In¬ 
volved  development  of  a  number  of  geometrically  different 
roughness  element  pallerns,  all  of  which  are  produced  by 
electrochemical  etching  techniques.  Figure  4  illustrates 
several  of  the  geometric  arrangements  considered  in  this 
work.  The  principal  design  variables  In  systems  of  this  type 
include  roughness  element  pattern  geometry,  extent  to  which 
roughness  elements  are  used,  channel  gap  height,  channel 
segment  length  (and  degree  of  wall  overlap),  and  transverse 
spacing  of  separator  st^es.  Pressure  drop  across  the  con¬ 
vective  channels  might  be  considered  another  variable,  but  in 
general  it  is  established  by  combustor  aerodynamic  consider¬ 
ations  and  cycle  performance  constraints. 

For  reasons  to  be  discussed  later,  most  of  our  attention 
ha)’  baen  focused  on  the  roughened  convective  channel 
designs  rather  than  the  multijet  systems.  Consequently,  the 
material  to  follow  is  concerned  primarily  with  the  former  type 
of  cooling  system. 

Heal  Transfer  Characteristics  of  Convective  Channel  Systems 


The  importance  of  effective  heat  transfer  In  convectively 
cooled  channels  needs  no  amplillcatlon.  A  streng  relation¬ 
ship  exists  between  coolant  pressure  drop  and  heat  transfer 
in  narrow  coolant  chennela  with  augmented  heat  transfer 
surfaces  (roughened  walls,  finned  walls,  etc).  To  evaluate  the 
critical  pressure  drop/heat  transfer  relationships  In  convec¬ 
tive  passages  properly,  comprehensive  bench  test  programs 
were  warranted. 


Figure  2.  Cooling  effectiveness  trends. 


‘An  exception  Is  the  near  slot  region  where  the  gas  side  wall  surface  may  actually  be  convectively  cooled  by  the  slot  film 
(i.e.,  recovery  temperature  <  wall  temperature). 
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a  Multijel  impingement 


b  Convective  cbannel 


Figure  3  Film-convection  cooling  schemes. 
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Figure  4.  Typical  roughened  surface  configurations  fmagnified). 


Appropriati,  cubmodelsof  actual  convective  passage 
geometries  (including  converging  channels  with  pin  fins) 
have  boen  -ixperimentally  evaluated  using  electrically  healed 
tost  sections  similar  to  that  shown  in  Figure  5.  By  enclosing 
the  entire  lost  section  in  a  pressure  vessel,  it  is  possible  to 
produce  channel  pressure  ratios  (Mach  numbetc)  as  well  as 
channel  pressure  levels  (Reynolds  numbers),  which  are  con¬ 
sistent  with  reference  engine  levels.  Measuremenfs  of  flow 
rate,  upstream  pressure,  downstream  pressure,  and  local 
channel  static  pressures  provide  sufficient  data  to  evaluate 
overall  pressure  loss  and  alfectivo  channel  friction  factors. 
Measurements  of  electrical  energy  dissipation,  test  surface 
temperature  distribution,  and  air  temperature  distribution 
through  the  test  section  provide  sufficient  information  to 
evaluate  local  passage  heat  transfer  coefficients. 

Testing  has  been  accomplished  for  a  number  of  different  convective  channel  geometries  of  interest.  Each  test  covered  a 
'd  range  of  Mach  number  and  Reynolds  number  conditions. 

Data  are  represented  in  the  term  shown  in  Figure  6,  providing  considerable  insight  into  the  trade-off 
between  heat  transfer  improvements  (surface  area  andfor  turbulence  augmentation)  and  increases  in  coolant  pressure  drop 
(Iricllon  factor  increase).  The  region  of  data  shown  in  Figure  6  Is  considered  representative  of  the  performance  improvements 
that  can  be  achieved  by  artificial  roughening  of  the  surfaces.  Obviously,  those  configurations  that  exhibit  ocrfcmionce  charac¬ 
teristics  in  the  upper  left-hand  region  of  Figure  6  are  preferred  from  an  overall  effectiveness  stanupoint.  The  data 
showed  the  best  configurations  (highest  Stanton  number  ratio,  lowest  friction  factor  ratio)  to  be  those  with  the  higher  ratios  of 
roughness  element  height  to  channel  gap  height.  Also  those  channels  with  only  one  roughened  surface  exhibited  about  half  the 
pressure  drop  (at  a  given  flow  rate)  of  a  comparable  channel  with  both  surfaces  roughened.  However,  the  configurations  with 
only  one  roughened  surface  exhibited  almost  the  same  heat  transfer  coefficient  levels  as  the  channel  with  both  surfaces  rough¬ 
ened.  Apparently  the  Induced  turbulence  and  extended  surface  area  of  the  heated  wall  alone  control  the  overall  heat  transfer 
rates  to  a  significant  extent.  (A  more  detailed  report  on  this  work  may  be  found  In  Ref  25.) 
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Figure  5.  Convection  channel  heal  transfer  lest  rig 
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Figure  6.  Heat  transfer  performance  characteristics  of 
artificlafly  roughened  channels. 


At  this  point  soirte  comments  are  needed  to  put  the  two 
types  of  film-convection  systems  in  proper  perspective  As 
stated  previously,  most  attention  has  been  focused  on  the 
convective  channel  systems.  This  was  based  in  large  mea¬ 
sure  on  the  comparative  assessment  of  the  two  types  of 
systems  shown  in  Figure  7  These  results  are  based  on  per¬ 
formance  data  of  the  type  shown  in  Figure  6  and  (for  the 
multijet  system)  the  data  of  Kercher  (Ref  24).  When  both 
systems  are  compared  on  a  common  basis,  namely  effective 
heat  transfer  coefficient  at  a  given  coolant  flow  rate  and 
pressure  drop,  the  roughened  convective  channel  system  is 
clearly  superior.  Note,  however,  that  these  comparisons  have 
been  made  at  cooiing  system  pressure  drops  representative 
of  turbine  engine  combustors.  The  performance  of  multijet 
impingement  systems  is  enhanced  considerably  at  higher 
impingement  system  pressure  ratios  (Ref  24)  and  would 
compare  much  more  favorably  with  the  roughened  convective 
channel  schemes  at  pressure  ratios  more  typical  of  cooled 
turbine  blade  designs,  lor  example.  However,  at  the  relatively 
low  AP(%)  levels  typical  of  combustors,  the  roughened  con¬ 
vective  channel  designs  appear  superior  from  a  cooling  air 
usage  standpoint.  The  multijet  impingement  system  does 
offer  some  advantage  in  flow  control  (machined  holes  versus 
hard-to-maintain  channels  gaps),  and  in  the  ability  to  better 
distribute  cooling  (low  lor  surface  temperature  uniformity. 
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Figure  7.  Comparison  o(  convective  channel  and  multijet  impingement  cooling  effectiveness. 

Mechanical  Design/Manulacturing  Considerations 

1  he  mechanical  configuration  ol  a  typical  convective-lilm  slot  cooling  geometry  Is  shown  In  Figure  3b.  A  series  of  overlay¬ 
ing  cylinders  or  cones  are  formed  corresponding  to  the  geometry  of  the  combustor.  These  ore  then  dimpled  to  form  spacers  (or 
precise  gap  control.  Tno  gap  size  or  height  of  these  spacers  Is  generally  in  the  range  of  0.54  to  1 .02  mm,  depending  on  the  local 
heat  (lux  in  the  combustor.  A  critical  consideration  in  this  method  is  the  required  roughness  in  the  channel  to  obtain  the  in¬ 
creased  frictional  effect.  Mechanical  methods  ol  achieving  the  required  "roughness’’  were  unacceptable.  Therelore,  depending 
on  the  maleriai,  either  photochemical  etching  is  used  (for  nickel  based  materials  such  as  Hastolloy  X)  or  photoelectromechanl- 
cal  etching  is  used  tor  cobalt  based  materials  such  as  Haynes  188.  Typically  the  roughness  is  applied  in  a  0.18  mm  deep  dia¬ 
mond  pattern.  Figure  8  shows  the  sequence  ol  joining  steps  used  lor  (he  inner  and  outer  walls.  Laser  beam  drilled  holes  are  first 
drilled  through  the  outer  sheet.  The  unit  is  then  assembled  by  laser  lacki.ng  iho  assembly  together.  Final  assembly  is  accom¬ 
plished  by  applying  nickel  braze  material  In  the  valley  of  each  dirtrple.  Braze  (lows  through  the  laser  drilled  holes  bonding  the 
dimple  to  the  etched  surface.  The  bond  qualify  Is  Inspected  by  high  resolution  ultrasonics. 


Engine  Experience— Convective  Channel  Designs 


Convective  film  cooling  is  now  employed  In  the  Allison  S70-K  engine,  originally  designed  tor  the  heavy  lilt  helicopter,  and 
subsequently  modilied  for  industriet  use.  It  Is  rated  at  5,347  kW  operating  at  a  burner  outlet  temperature  of  1478K  with  a  pres¬ 
sure  ol  1220  kPa.  The  combustor  shown  In  Figure  9  is  uncoated,  has  a  pitch  diameter  of  389  mm,  is  216  mm  long  with  a  72.4  mm 


combustor  height  cud  uses  12  airblast  no?zlos  Only  24  5%  o(  the  combustor  air  is  used  tor  cooling  resulting  in  a  cooling  Ilux  ol 
7.03  kg/s/m2.  Over  1 10  000  hr  has  been  accumulated  with  this  system,  operating  on  a  range  ol  fuels  from  natural  gas  to  DF-2. 
The  high  time  cornbuslors  have  12,000  hr  on  gas  and  1800  hr  on  DF-2.  Both  ate  still  in  service. 
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Figure  8.  Fabrication  sequence  of  convection  film-cooled  panels. 
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Figure  9.  Model  STC-K  convection  film-cooled  combustor. 


Beyond  the  convective  channel  cooling  technology 
discussed,  further  improvements  in  cooling  air  usage  will 
require  a  departure  to  moreetlective  mass  transfer  cooling 
approaches  such  as  transpiration  or  effusion  cooling.  The 
development  work  leading  to  incorporation  ol  such  systems 
Into  combustors  will  be  reviewed  in  the  following  sections. 


LAMINATED  POROUS  WALL  SYSTEMS 
General  Description 

While  transpiration  cooling  potentially  represents  the 
most  thermodynamically  efficient  approach  to  combustor 
cooling,  practical  implementation  ol  the  method  has  been 
hampered  by  the  limitations  of  porous  materials.  In  general, 
conventional  porous-wall  structures  have  not  compared 
favorably  with  solid-wall  (cast)  structures  in  terms  of 
strength  or  oxidation  resistance.  Considerable  difficulty  in 
predicting  or  controlling  local  permeability  (flow  resistance) 
has  also  been  encountered,  and  susceptibility  to  foreign 
particle  clogging  continues  to  bo  a  problem. 


Advances  in  r  letal  iolning  techniques  over  the  past  several  years  have  led  to  the  development  ol  a  multiple-laminate  po¬ 
rous  structure  fah/icated  ..om  several  diffusion-bonded,  photoelched  metal  sheeis  (Figure  10).  This  porous  material  (Lamil- 
loy^‘  shows  cons  derable  promise  relative  to  application  in  the  high-temperature  combustor  environment. 

The  approacr  described  provides  extraordinary  design  flexibility  relative  to  flow  resistance  control  and  optimization  of  heat 
transfer  perlormar  ce.  Design  variables  include  hole  size  and  spacing  (in  general  different  from  one  laminate  to  another),  lami¬ 
nate  thickness,  nu  nber  ol  laminates,  grid  depth,  grid  diameter,  and  grid  spacing.  In  general,  internal  surface  area  densities 
(internal  heat  Iran  .ter  surface  area  to  volume  ratio)  tar  in  excess  of  more  conventional  cooling  arrangements  can  be  achieved. 
Larger  internal  $u  face  area  densities,  and  hence  improved  thermal  effectiveness*  *  levels,  can  be  achieved  by  reducing  all 
dimensions  so  ih  it  the  internal  structure  approaches  that  of  a  fine  capillary  mesh.  In  general,  however,  practical  minimum  di¬ 
mensions  are  die  ated  by  clogging  considerations  and  (to  a  lesser  extent)  by  tabricailon  limitalions.  Improved  cooling  effective¬ 
ness  can  also  be  achieved  by  simply  increasing  the  number  ol  laminates.  In  this  instance.  Internal  coo.ed  surface  area  increases 
directly  with  no  hicreasein  healed  (face)  area.  The  principal  drawback  to  this  approach  is  the  attendant  increase  in  normal  tern- 
osraturegradien  across  the  structure.  Based  on  experience  to  date,  the  structure  can  be  labricated  from  virtually  any  of  the 
■  Ih  temperature  wrought  alloys  currently  available  commercially. 

The  development  ol  a  thermal  design  approach  involving  a  structure  as  complex  as  Lamilloy  has  necessarily  involved  a 
semiempirical  approach  to  the  problem.  An  overview  ot  the  basic  experimental  work  required  to  characterize  heat  transfer  and 
fluid  flow  behavior  is  presented  in  the  tollowing  subsection. 


■Lamilloy  is  a  registered  trademark  of  the  General  Motors  Corporation. 

ATc 

* '  Defined  as  actual  coolant  temperature  rise  divided  by  ideal  rise, _ — 
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Figure  1 1  Lamilloy  heal  transfer  evaluation 
Mechanical  DesignlManufacturing  Considerations 

Lainilloy  consists  ot  Ih.n  metallic  sheets  contoured  to  contain  many  discrete  holes  and  conneoling  grooves  as  sliown  in 
Figure  10.  The  hole  and  groove  pattern,  which  is  generated  by  the  pholoelohing  process,  can  be  varied  within  a  single  sheet. 
When  those  precision  photoelched  sheets  are  accurately  registered,  assembled,  and  solid-stale  diflusion  bonded,  a  precision- 
designed  porous  structure  results. 

Allison  has  aggressively  pursued  the  fabrication  of  Lamiltoy  structures  from  nickel-  and  coball-based  superalloys,  and  has 
further  demonstrated  adaptation  of  a  lull  speotrumof  other  materials  lor  a  range  of  applications,  including: 

o  low-alloy  steel 

o  300  and  400  series  stainless  steels 

o  Haslelloy  X  and  Haynes  188  (solid  solution-strengthening  alloys) 
o  Ren6  41  and  UdimenI  700  (nickel-based  precipitation-strengthening  alloys) 
o  TD  Ni,  TD  NiCr,  and  TO  Co  (dispersion-strengthening  alloys) 
o  aluminum  alloys 
o  titanium  alloys 
o  tungsten  sheet 

The  Lamllloy  porous  structure  requires  very  thin  sheet  stock  ranging  in  thickness  from  0.264  mm  to  0.635  mm.  Conven¬ 
tional,  mill-reduced  stock  in  300  and  400  series  stainless  steels.  Haynes  188,  a.id  Hastelloy  X  alloy  in  ihiri  ship  stock  are  com¬ 
mercially  available  as  starting  slock  for  initial  Lamilloy  processing. 

Surface  cleaning  of  the  strip  is  perhaps  the  most  important  of  these  process  refinements.  Mill  finishes,  in  terms  ol  rough¬ 
ness,  arc  sometimes  adequate,  but  additional  abrasive  polishing  is  necessary  lo  remove  the  very  stable  compounds  ol  molallic 
oxides  found  on  the  surface  of  these  mill  products. 

The  Lamilloy  manufacturing  sequence  is  shown  in  Figure  12.  The  tooling  tor  tlie  processing  of  sheet  is  essentially  the 
photographic  transparency.  Oversize  detailed  drawings  are  prepared  including  the  necessary  grooves  and  holes  lor  each  sheet 
of  the  laminate.  Additional  data  covering  the  location  ot  laminate  alignment  holes,  forming  or  machining  reteronce  holes,  pat 
tern  extensions  for  uniform  photoetching,  trim  stock,  lateral  etch  factors,  and  photoreduction  comprise  the  principal  features  of 
the  detailed  process.  Next,  this  information  is  translated  into  input  data  for  a  special  computer  program  that  allows  direct  reduc- 
tion  of  design  configurations  into  artwork  for  photoetch  configurations  without  manual  layout. 

Alter  preparing  the  surfaces  lo  he  bonded  by  finishing  to  a  low  surface  roughness,  a  uniform  layer  ol  nickel  is  applied  by 
electroplating  to  promote  diffusion  bonding  and  the  plated  surface  is  coaled  with  a  photosensitive  acid  resist. 

The  Lamillov  pattern  for  either  holes  or  grooves  is  then  printed  on  the  photoresist  by  exposing  it  through  a  photographic 
n-^galive  ot  the  proper  pattern.  The  photoresist  mask  is  further  processed  by  washing  off  the  'mexposed  areas  and  curing  the 
m  isk  in  a  hot  air  oven.  The  Lamilloy  pattern  is  then  produced  on  the  metal  plale  by  either  chemically  or  elecirochemically  re- 
m  wing  metal  from  the  unprotected  surface. 

Interlayer  diffusion  bonding  is  accomplished  by  placing  the  entire  assembly  in  a  vacuum  furnace  and  maintaining  this 
assembly  under  vacuum  at  high  temperatures  (1367K)  for  sullicient  lime  (4  hr)  to  effect  a  bond.  This  demonstrated  bonding 
method  will  produce  Lamilloy  sheets  of  high  quality.  The  diffusion-bonded  sheets  are  inspected  lor  airflow,  bond  integrity,  and 
microstructure.  Bond  integrity  is  evaluated  via  high  resolution  ultrasonics.  The  technique  is  capable  of  resolving  each  ol  the 
0./6  rnm  dia  pedestals  in  the  Lamilloy  structure. 
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Figure  12.  Lamllloy  processing. 
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En^ie  Experience 

1  ne  applications  of  LamiUcy  to  difficult  cooling  siliialions  have  been  .numerous,  the  most  recent  being  a  Lamllloy  annular 
combustor  tor  lhsT8C!0/ATE109,  a  1200  r  ?  turboprop  sngi.no.  Other  Allison  Lamllloy  combustor  applications  Include  the  loliow- 
mg: 

o  IGT  40*1  /S’atriot) 
o  Model  25(l-C30 
o  Model  250-C20 
0  NASA-HPr 
O  ATDtfGMAoOO 
o  AGT5 
o  TF41 

o  NASA— rr  ve;st -How 

In  some  of  Ih  sse  applications,  a  diincl  substitution  of 
Lamilloy  for  film  uooling  was  used  to  prr  vide  substantial 
reductions  in  wall  temperature,  l-cr  oxar.nple.  the  dome  wall 
temperature  ol  the  Industrial  Gas  Tu'bir.e  vl3T 404)  combus¬ 
tor  was  reduced  from  1010'C  to  727  C.  only  78'C  above  the 
cooling  air  temperature  ol  649 ’C.  The  IGT  404  (Patriot)  com¬ 
bustor  (Figure  13)  is  currently  in  production  Over  30,000  hr 
have  been  accumulated  wilh  the  high  time  combustor  having 
6600  hr  and  still  being  serviceable 

Olher  applications  more  representative  of  aircraft  annular  experience  include  the  ATDEfGMASOO  reverse-flow  combustor, 
Figure  14  This  application  illustrates  the  fahricabMily  of  Lamilloy  structure;  the  contour  was  readily  controlled  using  ahydro- 
lorming  process.  It  used  38%  ol  combustor  airflow  resulting  in  an  overall  cooling  Iluxol  6.8  kg/s/m^.  The  combustor  shown  in 
Figure  15  was  designed  and  fabricated  for  NASA  for  ultimate  operation  at  4045  kPaand  2478K  burner  outlet  temperatures.  The 
liner  uses  40%  less  air  than  a  conventional  film-cooled  liner.  Testing  to  dale  has  been  carried  out  to  temperature  levels  of  2430K 
at  12  atm  pressure  with  no  cooling  or  durability  problems. 


EFFUSION  COOLING  SYSTEMS 
General  Description 


As  used  herein,  effusion  coolinr  efers  to  the  multiple,  drilled,  angled  hole  cooling  configuration  shown  schematically  in 
Figure  I.  This  cooling  configuration  has  an  intrinsic  advantage  of  simplicity  in  that  the  more  complex  fabricated,  rolled,  overlap¬ 
ping  ring  structures  characteriying  tradiliona'  rilrr,  or  film  convection  liners  are  replaced  by  a  single  layer  sheet  in  which  flow 
characteristics  and  cot  -ling  performance  r  antrolled  by  a  relatively  few  goomelric  parameters  including  the  lollowing: 


o  sheet  thickness 
o  hole  size 
o  hole  spacing 
o  hole  plunge  angle 


I 
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Figure  ig.  ATPErGMASOO  reverse-flow  Lamilloy  com&uslor. 

Recent  advances  In  electron-beam  and  laser  drilling 
lechniques  have  brought  the  concept  ol  closely  toleranced, 
shallow  angle,  variable  pitch,  small  diameter  holes  to  a  posi¬ 
tion  of  "technology  readiness"  In  theory,  theeltusion  cooling 
concept  can  approach  transpiration  cooling  perlormance  in 
the  limit  as  hole  diameters  and  spacing/diamctcr  ratios  are 
reduced  to  miniscule  (capillary  pore)  dimensions  However 
our  studies  have  shown  that  when  "practical  minimum"  hole 
sizes,  hole  spacings,  and  plunge  angles  are  considered, 
ellusion  cooling  performance  most  probably  lies  between 
the  two  systems  previously  described  In  this  paper.  Again,  a 
principal  motivation  lot  this  approach  Ires  in  its  inheruni 
simplicity  in  structural  and  manufacturing  terms. 


Heat  Transfer  Characteristics 

As  stated  previously,  first  order  considerations  would 
argue  that  effusion  cooling  effectiveness  would  depend  princi- 
pally  on  a  relatively  lew  geometric  parameters  including  wall 
thickness,  hole  diameter,  hole  spacing,  and  hole  plunge  angle. 
As  in  the  case  of  the  two  systnms  previously  described,  the 
modeling  of  heat  transfer  In  e.  lion  cooling  systems  is 
largely  ernplrically  based.  The  basic  woiking  relationships  between  cooling  flow  rale,  ellusion  hole  array  geometry,  and  cooling 
performance  were  established  via  a  series  of  heat  transfer  tunnel  tests  in  which  effusion  hole  arrays  were  machined  Into  the 
leading  edges  of  cylinders  in  cross-flow  (Figure  16).  These  tests,  which  were  originally  carried  out  to  establish  a  design  model 
for  airloll  loading  edge  showerhead  film  cooling,  are  described  in  more  detail  in  a  recent  ASME  publication  (Ret  23).  Although 
the  work  described  in  (Ref  26)  is  locused  on  the  air  toil  leading  edge  cooling  problem,  the  modeling  ol  internal  (wall)  lieal  trans 
fer  processes  in  that  work  is  equally  applicable  to  the  combustor  liner  problem.  Leaving  the  details  lo  reference  (Ret  26),  the 
development  ol  the  ellusion  wall  cooling  model  can  be  summarized  by  noting  that  measured  overall  cylinder  cooling  elleclive- 
ness  trends  such  as  those  shown  in  Figure  1 7  were  elleclively  synthesized  (reproduced)  by  the  wall  cooling  model  using  an 
independent  cvperimenlai  study  (Ret  27)  lo  establish  the  external  (gas  lo  wall)  heat  transfer  rales.  The  internal  wall  heal  transfer 
model  evolved  from  this  work  framed  the  wall  heal  transfer  problem  in  terms  ol  the  key  geometric  variables  cited  previously,  and 
included  consideration  of  beat  transfer  processes  within  the  wall  as  well  as  the  very  signiticant  upstream  (coolant  inlet  lace) 
heal  transfer  component  (Ref  28, 29). 

The  cooling  performance  trends  tor  an  effusion-cooled  wall  arc  perhaps  best  illustrated  by  the  comparative  study  shown  in 
Table  I  where  cooling  How  requirements  lor  several  alternate  ellusion  cooling  conligurations  are  compared  with  that  for  a  LamiL 
loy  wall.*  While  this  cc.nparative  study  was  made  lor  a  specific  (TF41)  combustion  liner  and  cannot  be  considered  universally 
applicable,  the  resuils  are  coiisldcred  al  least  representative  and  serve  to  illustrate  the  influence  ol  the  principal  geometric 
variables  on  ellusion  cooling  perlormance.  Note  the  following  key  observations: 

o  The  "best"  effusion  geometry  (represented  by  »  =  20  deg,  d  =  0.38  mm)  requires  about  2f3  more  cooling  flow  than  does 
a  representative  Lamilloy  wall  (Coi, figuration  A  versus  Configuration  L). 

o  Effusion  cooling  requirements  are  increased  by  about  1/3  when  wall  thickness  is  halved  (Configurations  A  versus  E,  B 
versus  F,  etc). 

o  The  ellect  of  hole  angle  is  signiticant.  Decreasing  hole  angle  from  45  deg  lo  26  deg  will  reduce  cooling  requirements  by 
about  36%  (Conligurations  A  versus  B,  C  versus  D.elo). 

*  Liner  wall  surface  temperature  and  gas  lo  wall  heat  flux  were  considered  identical  for  both  systems. 


Figure  15.  NASA  HPF  Lamilloy  combustor 
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Figure  16.  Typical  ellusion-cooled  cylindei  specimen. 
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Figure  17.  The  elfoci  ol  coolant-to-gas-stroann  pressure 
ratio  on  average  cooling  efioctiveness 
(leading  edge  Reynolds  number  =  44,000;  tree-stream  Mach 
NO.  =  0.17C). 


Mectian.cal  Design/Manulacturing  Consideratiohs 


Perhaps  the  simplest  cooling  condguration  to  implement 
with  current  advanced  laser  and  electron  beam  technology  in 
conjunction  with  computer  controlled  manulacluring  is  the 
effusion-cooled  combustion  liner.  Messer  Griesheim  ol  Go.- 
many  manufactures  a  numerically  controlled  electron  beam 
drilling  machine  capable  of  drilling  twenty  holes  (0.52  mm  d.a 
by  4.45  mm  long)  per  second  through  both  nickel  and  cobalt 
steels  at  angles  up  to  20  deg  from  the  surface.  It  is  currently 
producino  parts  for  reverse  (low  combustion  liners  with  mate¬ 
rial  thickness  of  1.1  mm,  drilling  3748  holes  o(  0.9  ±  0.05  mm 
dia  in  60  minutes.  Allison  has  manufactured  several  cornbus- 
(ion  liners  using  a  low  divergence  Nd:YAG  laser.  By  pulsing 
these  lasers,  very  high  peak  powers  may  be  achieved,  allowing 
cutting,  drilling,  and  welding  on  both  nickel  and  cobalt  base 
materials.  At  the  same  time,  the  thermal  duty  cycle  is  very  low 
causing  little  or  nc  thermal  distortion.  Figure  18  shows  a  typi¬ 
cal  0.51  mm  dia  hole  cut  through  1 .52  mm  thick  Haynes  190 
cobalt  material  at  an  angle  of  20  deg  from  the  liner  surface.  It  .s 
also  feasible  to  drill  the  holes  as  low  as  15  deg  (lom  the  sur¬ 
face  and  thereby  increase  the  Internal  heat  transfer  etfeclive- 
noss  by  Implementing  a  larger  length  to  diameter  lor  the  same 


hol('  Th(‘  per  (.Hss  lot  I  he  jnanuUir.lute  ot  coJnlHishon  Itnois  «s  veiy  simpio,  since  only  a  single  thickness  matonnl  need  he 
ro  od  01  lomiecl  to  the  linal  shape  ot  the  conihustor  All  the  holes,  including  both  cootimj  and  coinbuslion  air  holes,  can  then  l)o 
ilnUed  Hi  the  some  time  The  combustoi,  sho',vn  in  Figure  t9  lor  an  cuperMnental  version  ol  Ihe  1 56  turboshaft  engine,  has  14,500 
cooling  holes  and  v/as  tutly  inachinud  hncludmg  air  holes)  in  loss  th<in  7  hi 

Table  I.  Elldsion  Cooling  —  Pcrlormancc  Trends. 


ConligutaUcii) 

Doscrlplion 

Cooling  flux 
requirement  — 
kg/s-mt 

Mole  spicing 
lo  diameter 
ratio 

Number 
ol  holos 
(per  liner) 

Wall  normal 
lemporal'jrc 
gradient  ^ 

1 

1 

lamilloy 

(Ijasoline) 

7.U3 

1.0 

6.812 

168 

A 

,1  ^  20  deg 
d  =  0.U38 

I  =  0  152 

11.25 

1  7  12 

11.092 

81 

B 

..  =  «deg 
d  =  0.038 

T  =  0  152 

17  37 

5  90 

16,117 

81 

C 

n  =  20  deg 
d  =  0  076 

V  =  0  152 

17  b6 

5.78 

4.199 

83 

D 

,1  =  15  deg 
d  =  0  076 
t  =  0.152 

27  36 

4.73  1 

6.255 

85 

E 

II  =  20  deg 
d  =  0.038 
!  =  Q.076 

15  05 

6.24 

14,390 

42 

F 

u  =  d5  deg 
d  =  0  038 
r  =  0  076 

23  35 

5  13 

21.306 

42 

c 

0  =  20  deg 
d  =  0  076 
r  =  0  076 

23  35 

5.05 

5.488 

43 

H 

-  15  deg 
d  =  0.076 
r  =  0,076 

36  00 

4.14 

5,17c 

43 

.1  —  elluslon  nole  plunge  angle  (measuied  liom  herizonial) 
it  —  ollusion  hole  diameter  (cm) 
r  —  liner  wall  IhicKness  (cm) 


Tabic  I,  Eflusion-crjoling  —  perlormarrco  trends. 


Figure  18.  Microsection  ol  0.050  cm  diameter  bole  in  0.152  Figure  19.  EKusion-cooled  Model  501 -K17  combustor, 
cm  thick  Haynes  188  al  20  deg  lo  surface 


HiglEngine  Experience 

Several  studies  have  been  conducted  lo  apply  this  effusion-cooled  concept  to  Allison's  product  line.  For  example,  a  135 
deg  segment  of  elf  usion  material  was  fabricated  and  then  assembled  into  the  primary  zone  outer  wall  region  ol  a  ATDEfGMA500 
combustor,  a  reverse  flow  configuration  currently  manufactured  from  Lamilloy.  and  used  in  an  800  shaft  liorsepower  helicopter 
engine.  Tlrrcc  hole  densities  were  Included  in  epual  areas  of  the  segment  yielding  a  coolant  flux  equal  to  1 .25  and  1 .75  ol  Ihe 
sunoundlng  Lamilloy.  Burner  rig  tests  conducted  to  1688K  burner  outlet  temperature  indicate  that  metal  temperatures  in  Ihe 
primary  zone  were  871  'C  for  Ihe  oKusion-cooled  sample  (compared  with  760"C  lor  the  Lamilloy.)  The  influence  ol  cooling  flow 
r,ile  lor  effusion  cooling  is  shown  in  Figure  20.  Theeslimateil  thermal  gradient  across  the  effusion-cooled  sample  is  only  22‘'C 
compared  with  11 1  °C  through  the  Lamilloy.  Engine  tests  ol  fully  ellusion -cooled  liners  will  be  conducted  in  tire  near  future. 


IV.  SUMMARY  AND  GENERAL  OBSERVATIONS 


A  basic  assessment  of  several  alternate  combustor  wall 
cooling  approaches  has  been  made,  reficcting  the  specific 
considerations  of  cooling  effectiveness,  design  lleKibility, 
fabrication  complexity,  and  special  operational  and  durability 
problems. 

Our  studies  have  shown  that  artificially  roughened  con- 
veclive  channel,  effusion,  and  transpiratlon-coo'ed  liner  ap¬ 
proaches  offer  the  potential  of  substantial  reductions  in  liner 
cooling  flow  requirements  with  little  sacrifice  in  durability. 
Furthermore,  the  advanced  cooling  approaches  cited  have 
demonstrated  the  capability  of  successful  operation  at  burner 
outlet  temperatures  approaching  the  near  stoichiometric  re¬ 
gime.  The  payoff  of  the  advanced  cooling  schemes  in  terms  of 
outlet  pattern  improvement  and  achievable  BOT  level  has  been 
demonstrated  in  both  engine  and  rig  tests. 

While  the  results  to  date  are  encouraging,  application  of 
the  more  effective  cooling  approaches  discussed  herein  has 
been  largely  confined  to  development  engines,  and  many 
problems  still  remain.  Specifically,  further  research  and  devel¬ 
opment  activity  is  indicated  in  the  lollcwing  areas: 

o  Further  improvements  in  fabrication  technology  will 
be  required  to  reduce  cost,  extend  cooling  design 
flexibility,  and  achieve  better  process  tolerance  con¬ 
trol.  For  nxample.  recent  advances  in  electromechan¬ 
ical  machining  (ECM)  and  lase  rilling  techne  logy 
may  offer  cost,  flexibility,  and  accuracy  advantages 
compared  with  current  electrochemical  etching  tech¬ 
niques. 


o  As  alternative  processes  offer  additional  flexibility  in  design,  better  characterization  of  wall  cooling  concepts  in  terms 
of  fluid  flow,  heal  transfer,  and  mechanical  behavior  will  be  required.  Relative  to  the  latter,  special  attention  must  be 
given  to  interactive  behavior  (creep/fatigue),  notch  effects,  cumulative  damage  rules,  and  (perhaps  to  a  lesser  extent) 
fracture  mechanics. 

o  More  sophisticated  and  detailed  thermalfstructural  modeling  techniques  are  required  to  better  represent  local  tempera¬ 
ture  and  stress  distributions  throughout  the  complex  cooled  wall  structure.  The  eventual  achievement  of  realistic  life 
prediction  capability  will  necessarily  require  the  extension  of  current  finite  elemen*  .nethodology  to  Include  plastic 
behavior  and  creep-fatigue  interaction. 

o  Recent  advance.s  in  the  more  sophisticated  numerical  modeling  approaches  capable  of  addressing  the  three-dimen¬ 
sional  turbulent  flow  field  must  be  fully  verified,  and  exploited  by  the  combustor  designer.  The  physics  of  turbulent 
shear  transport,  reflecting  the  combined  effects  of  3-0  watt  jets,  discrete  site  coolant  Injection,  Inlel  swirl,  and  chemi¬ 
cal  reaction  are  clearly  beyond  adequate  description  by  present  first  order  analytical  techniques. 

o  The  reductiori  of  liner  wall  cooling  flows  lo  minimum  acceptable  levels  will  demand  that  much  more  careful  attention  be 
given  to  peripheral  details  such  as  welds,  mechanical  attachments,  scoops,  and  other  flow-path  protuberances.  Most 
of  the  gains  (in  coolant  flow  usage)  achieved  by  use  of  advanced  cooling  techniques  can  be  easily  lost  through  wasteful 
local  cooling  “fixes"  of  poorly  conceived  mechanical  design  features. 
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UJSCL'SSION 


Cic 

I  of  your  papi'i  is  still  ii  pii//lc  to  me:  First,  the  intriitsie  internal  heal  exchanger  effeeliveness  and  the 
diniensionless  lentperature  gradient  dt>  nnl  allow  a  comparison  of  the  I.ainilloy-Cooling-Syslvm  with  other  ctMiling 
eonfiguralions.  See<mdly,  the  audience  doesn't  know  the  ineaiiiiigor  the  various  geometric  parameters ratch  as  K  A 
through  CiMA  2110  U.  'rherei'ore,  nobody  knows  why  oik'  geometry  has  lor  instance  a  low  ctfeetivencss  hut  a  high 
leinperature  gradient.  Is  Ihei  c  any  other  reason  for  showing  these  iigurcs  beside  indicating  that  Allison  is  good'.’ 

Author's  Kcpiy 

lit  iittswct  to  the  first  (|ueslioti,  Fig.  1 1  a  stiitply  shows  rcprcsenialve  trends  of  coolant  temperature  rise  (T,,,  —  Tc) 
tioi  malized  by  the  difference  betweeti  the  average  hot  surface  (gas  side)  metal  leiuperalii''c  (  I'wh)  and  coolant  supply 
lenipcviilure  (’l^^).  'I  hese  trends  are  plotted  ag.iiiist  ctKilani  mass  flux  (G,.)  which  is  a  measure  of  the  total  coolant  flow 
per  iittii  healed  (gas  side)  siirfiice  area  of  the  cooled  wall.  The  foregoing  parameters  could  be  eompiiled  for  any  alternate 
cooling  system  of  interest,  at  least  on  a  /onally  averaged  basis,  and  compared  to  lug.  1 1  a.  Similatiy,  Fig.  1 1  b  simply 
allows  one  to  determine  the  overall  hot  surfiiee  to  coolant  cult  y  surface  sirue'.ural  (metal  wall)  Icnipeialtirc  difference, 

('I  wii  ""  'f'v.(  )< terms  of  Ci..  and  1'^,.  Again  these  parameters  can  be  established  for  alternate  cooling  eonfiguralions  and 
compared  to  Fig. I  lb  lo  provide  some  perspective. 

In  response  lo  the  .second  ((uestion,  we  arc  s.ill  ourselves  attempting  lo  fully  sort  out  a  geometric  explanation  for  certain 
of  the  observed  trends  shown  in  Fig.  I  i .  Kiiefi  geometry  Ii:ls  a  unique,  siimillaiicous  influence  on  internal  stirfacc  area 
density,  effective  layer  lo  layer  theinial  conductance,  impingemeni  array  heal  transfer  coefricienl  (layer  to  layer)  and 
IK-ilestal  at  ray  eonvcclivc  heal  transfer  coefficient  (layer  lo  layer).  The  two  parameters  qT  and  ffl'  are  clearly  coupled 
since  both  not  only  (le|ieiid  on  geometry  and  heiit  transfer  coefficient,  but  i|T'  also  depends  on  mean  level  of  wall 
Icmperature  which  depend  ^  in  both  T\v„  and '!'«(  .  While  we  arc  not  in  a  position  lo  fully  explain  these  trends,  the 
rtsulls  do  provide  sonic  persiicclivo  relative  to  the  ideal  transpiration  cooling  ease  where  qT  —  I  ,(l  and 


where  C'.w  =  iiiean  coolant  speeifie  heal 
t  -  overall  wall  thickness 
K,„  =*  effective  porous  tliermal  conductivity 
G,  -  coolant  flux  as  defined  previously 

Inlernal  heal  transfer  coerncieiils  in  l.amilloy  appear  lo  be  sufficiently  large  Ihal  the  above  equation  for  0,  is 
app.uxiniiilcly  valid  for  Lamilloy  in  ii  first  order  .sense.  Therefore,  the  results  in  Fig.  I  lb  may  at  least  beconquwed  loan 
iucal  porous  wall  of  given  Kni/t. 

When  We  are  in  a  irosition  t<i  more  fully  rceoneile  oiir  mcastirerl  heal  liansfer  trends  with  specific  geometric  details  vve 
inicnd  lo  more  fully  report  on  the  wtirk. 


O.K.lU-iiiiceke,  Ge 

You  correctly  ))oint  out  that  the  multi  layeied  stiuicllires  have  llic  iniriiisie  problem  of  the  lem|>eratiire  gradient  induced 
stresses.  T  herefote,  soitie  people  now  allaeh  the  gas  side  layer  lo  the  outer  slruettire  like  roof  shingles  such  Ihal  they  can 
expand  freely.  What  is  your  opinion  about  these  systems  and  arc  you  planning  lo  go  in  that  direction'.' 

Author's  Kcpiy 

rite  so-called  'floaliiig  wall'  syslcms  clearly  have  merit  in  terms  of  addressing  the  Iherinally  induced  low  cycle  fatigue 
prolileni.  T  he  inherent  cooling  efficiency  of  such  xysicitis  dcK's,  however,  lend  lo  be  lower  than  out  miilli-liiycred 
approach  which  relies  on  the  layer  to  layer  bonding  (thermal  coupling)  to  (trovide  the  ‘'thermal  patli"  to  the  highly 
effee  -  internal  active  cooling  elements  of  the  laminated  structure.  Any  mcchiinieal  (iind  thermal)  uncoupling  of  the 
liiinintilcd  porous  wall  (layer  lo  layer)  would  relieve  thermal  slre.vses  but  at  the  expense  of  rendering  inner  'ayers  of  the 
Willi  useless  in  terms  of  iielivc  cuuliiig.  Our  iippruach  loihe  thermal  l.CT-  problem  therefore  remains  one  cf  reliiiiiing  the 
hooded  siriieture  and  ailcinpling  to  ininimi'/.e  thermally  induced  strains  by 

1 .  Cieoineirie  designs  which  iiiaximi/c  htyer  to  layer  elfceiive  thermal  coiiduelanee  while  maiiiiaining  hig  i  inlernal 
surface  area  density. 

2.  Selection  of  different  niiilcrials  (layer  to  layer)  with  sufficiently  different  cot  rfieiems  of  iherinal  expaiivion  lo  offset 
layer  lo  htyer  temperature  differences. 


M.Wiltlg,  (le 

In  eoinparing  Lamilloy  with  effusion  eonliiig  in  your  Iasi  figure,  which  hole  piiiiige  angle  was  applied'.' 
FTiiThennore,  what  is  your  ex|)ei  lenee  with  clogging  of  the  holes  in  effusion  ctKiling'.' 
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AiMhor's  Reply 

■  lie  phiiipo  iiii^lc  Toi  the  conrigkiratiiiii  in  ((iicstioi)  was  20*  iioininal.  In  answer  tn  (lie  sccoikI  question,  operational 
experience  with  effusion  cooling  has  heen  too  limited  to  draw  any  conclusion.  However,  it  might  he  mentioned  that 
miniinmn  pressage  (hole)  dimensions  in  praetieal  effusion  cooled  systems  will  almost  eei  tainly  he  larger  than  the 
minimunr  passage  dimensions  in  I  .amilloy,  which  has  shown  no  tendency  to  clog  in  ricid  service  to  date  (.1t),t)l)l)  hotirs 
cumulative  time).  Furthermore  in  a  carefully  monitored  .iccelerated  dust  ingestion  lest  in  another  engine,  a  l.antilloy 
comhuslor  exhihited  insigiiiricant  degradation  in  emriing  flow  capability  at  the  point  where  the  engine  lest  w;is 
terminated  due  to  erosion-induced  compressor  petdorinaiicc  deterioration.  Tlius  while  clogging  concerns  certainly 
cannot  he  dismissed  out  of  haitd,  vs'c  have  reason  to  helieve  that  it  will  not  Ire  a  major  problem. 


(i.E.  Andrews,  UK 

One  of  the  major  advantages  of  effusion  cooling,  apart  from  its  simplicity,  is  the  mueli  lower  thermal  gradients 
compared  with  l.amilloy.  Our  result  at  I  ceds  witli  a  pitch  to  diameter  ratio  of  approximately  1 0/ 1  and  hence  potentially 
worse  thermal  gradients  than  in  yotir  work,  showed  that  at  a  wall  temperature  of  h(IO‘C  the  maximum  temperature 
difference  Irciween  the  holes  was  I TC  and  26'C  through  the  wall  thickness  (ASME  paper  84-fiT-2 1 2). 

rliere  figures  compare  well  with  your  22‘C'  temperature  ditfcrciice  at  an  87 1  ’C  metal  temperature  for  the  OMA  .500 
L'ombiislor. 

Have  these  effusion  ciHiliiig  designs  been  applied  to  turbine  hlade.s  or  any  estimations  of  potential  blade  cooling  air 
reductions  made? 

Author’s  Reply 

We  have  applied  effusion  cooling  designs  of  the  type  described  here  to  turbine  blading,  but  only  in  the  leading  edge 
legion  in  the  form  of  "shower  hetid"  film  cooling.  In  fact,  the  design  data  base  for  the  effiisiou  cooling  approach 
originated  as  tin  attempt  to  csitiblish  a  leading  edge  cooling  conflguration  model  (Rcf.26  in  tlie  present  paper),  i'he 
approach  would  appear  to  have  some  promise  for  cooling  other  regions  of  tlic  blade,  particularly  wlien  combined  witli 
biickside  iinpiiigcmeiU  cooling  as  you  have  suggested.  In  very  high  tcmperatiiru  applications,  such  a  .system  (applied  in 
die  .sense  of  "full  coverage  film  ctKiling")  could  very  well  lotik  aiiraclive  assuming  potential  aerodynamic  and  slriicliiral 
IKiiiilties  can  he  ‘deniiricd  iind  resolved. 
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Summary 

Impingement  heat  transfer  is  widely  used  in  turbine  blade  cooling  and  is  becoming  more  common  in 
combustion  chamber  wall  cooling.  For  the  latter  application,  geometries  that  give  impingement  cooling  of 
large  surface  areas  are  required.  The  geometrical  requirement  of  full  coverage  heat  transfer  for  combus¬ 
tion  chamber  cooling  are  outlined.  A  series  of  hole  sites,  0,  are  investigated  at  a  constant  pitch,  X, 
and  constant  impingement  gap  1.  The  usual  practice  of  keeping  Z/0  constant  as  X/D  has  been  varied  and  has 
been  rejected  as  unrealistic.  Design  considerations  limit  practical  values  of  Z  to  a  fairly  narrow  range 
of  2-1  2  mni  and  it  is  shown  that  over  this  range,  7,  has  no  influence  on  the  iiiipingement  heat  transfer.  The 
application  of  the  present  type  of  heat  transfer  correlation  to  the  prediction  of  impingement  cooling 
chambers  is  considered.  Measured  wall  temperature  data  is  presented  for  an  impingement/effusion  wall  cool¬ 
ing  geometry.  The  heating  of  the  impingement  plate  by  the  impingement  jets  being  deflected  backwards  is 
identified  an  as  area  where  no  heat  transfer  correlations  exist.  At  low  coolant  flow  rates  the  tempera¬ 
ture  rise  of  the  impingement  air  as  it  passes  through  the  impingement  plate  is  signficiant  and  unless  it 
is  taken  into  account  the  impingement  cooling  effectiveness  will  be  overpredicted. 

Introduction 

Future  high  tempe.-ature  gas  turbines  require  better  methods  of  cooling  turbine  blades  and  combustor 
walls  (1,2).  To  achieve  better  cooling,  improved  cooling  effectiveness  and  lower  coolant  mass  flows  are 
required.  One  methods  of  achieving  this  is  transpiration  cooling  (3,4).  However,  this  technique  has 
mechanical  problems  such  as  structural  strength  and  the  oxidation  and  blockage  of  the  small  flow  passages. 
Materials  such  as  Lamilloy  (5)  and  Transply  (5)  have  been  developed  to  overcome  some  of  these  problems. 
These  materials  are  examples  of  full  coverage  discrete  hole  wall  cooling  but  with  the  hole  inlet  and  out¬ 
let  staggered  and  connected  by  internal  flow  passages.  These  materials  are  not  generally  available  and 
involve  a  complex  manufacturing  process  which  limits  the  range  of  hole  geometries.  This  makes  it  diffic¬ 
ult  to  utilise  the  optimum  geometry  in  terms  of  cooling  effectiveness,  wall  pressure  loss  and  coolant  mass 
flow  for  a  given  wall  cooling  application. 

Transpiration  cooling  involves  two  modes  of  heat  transfer:  firstly,  there  is  the  internal  porous 
wall  heat  transfer  as  the  coolant  passes  through  the  wall  and  secondly  there  is  the  film  cooling  by  the 
coolant  air  adjacent  to  the  wall.  Andrews  and  Asere  (7,8)  have  shown  that  by  measuring  the  temperature 
adjacent  to  a  porous  (Rigid  Mesh  RM50A)  wall  an  adiabatic  film  cooling  effectiveness  as  well  as  an  over¬ 
all  cooling  effectiveness  could  be  measured.  Fig.  1  summarises  these  results  which  show  that  at  high 
coolant  flow  rates,  film  cooling  is  the  dominant  process  where  at  low  G  values  internal  wall  cooling  is  of 
equal  importance.  Fig.  1  also  shows  for  comparison  Transply  (6)  and  Lamilloy  (7)  data  which  show  a  best 
performance  close  to  that  of  transpiration  but  with  a  very  large  dependance  on  the  scientific  geometry. 

The  authors  (9-12)  have  been  investigating  full  coverage  discrete  hole  film  cooling  as  a  simple^ 
means  of  achieving  the  film  cooling  performance  of  transpiration  systems  with  some  internal  wall  cooling 
due  to  the  finite  hole  length  within  the  wall.  The  overall  cooling  effectiveness  for  three  geometries  are 
shown  in  Fig.  1  and  demonstrate  values  within  the  data  range  for  Lamilloy  and  Transply  at  the  low  coolant 
flow  rates  for  which  they  were  designed.  Measurements  of  the  adiabatic  film  cooling  effectiveness  (8)  for 
these  full  coverage  discrete  hole  film  cooling  geometries  are  shown  in  Fig.  2.  This  shows  at  low  coolant 
flow  rates  that  the  full  coverage  discrete  hole  designs  achieve  a  comparable  film  cooling  performance  to 
the  transpiration  situation. 

The  overall  cooling  effectiveness  values  in  Fig.  1  for  the  full  coverage  discrete  hole  (effusion 
cooling)  designs  can  only  be  increased  by  increasing  the  internal  wall  heat  transfer.  Considerations  of 
the  internal  wall  heat  transfer  (10-12)  have  shown  that  this  cannot  be  done  merely  by  increasing  the  wall 
thickness,  even  if  this  were  possible.  The  addition  of  impingement  cooling  has  been  investigated  as  the 
best  method  of  drastically  increasing  the  internal  wall  cooling.  It  was  the  objective  of  the  investiga¬ 
tions  to  Optimise  the  full  coverage  discrete  hole  film  cooling  and  impingement  cooling  geometries  separ¬ 
ately  in  order  that  the  best  combined  geometry  could  be  achieved. 

Combined  impingement/effusion  cooling  results  in  all  the  impingement  air  passing  through  tl*  effu¬ 
sion  plate  and  there  is  no  net  cross  flow  in  the  impingement  gap.  An  alternative  use  of  impingement  heat 
transfer  is  to  use  all  the  combustion  air  for  impingement  heat  transfer  prior  to  passing  as  preheated  air 
to  the  main  combustion  system.  These  two  applications  require  different  impingement  geometries.  Existing 
data  on  impingement  cooling  (13-35)  gives  little  direct  information  on  impingement  geometry  e"  sts.  The 
objective  of  the  authors  work  on  impingement  heat  transfer  is  to  establish  design  correlatic  ;hat  enable 
optimum  impingement  geometries  to  be  specified  for  a  given  coolant  flow  rate,  pressure  loss  j  surface 
area  to  be  cooled.  In  the  present  work  the  influence  of  the  hole  size,  0,  is  investigated  o.ar  a  range  of 
fixed  values  of  the  impingement  gap,  Z.  A  knowledge  of  the  influence  of  0  is  crucial  for  the  design  of  an 
Impingement  system  to  achieve  a  desired  pressure  loss  at  a  specified  coolant  flow  rate. 

Impingement  geometry  considerations 

The  two  applications  of  impingement  cooling  result  in  different  design  conditions.  The  first 
requires  much  larger  hole  sizes  than  the  second.  The  hole  pitch  (X)  to  diameter  (D)  ratio  (X/D)  achieved 
by  varying  the  hole  size  at  a  constant  pitch  is  a  major  geometrical  parameter,  together  with  the  i^ir.ge- 
ment  gap  size  (Z).  Many  previous  workers  on  impingement  cooling  using  arrays  of  jets  have  varied  X/D  by 
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varying  X  (16-35)  and  this  results  in  very  high  jet  velocities  and  associated  plate  pressure  losses  for 
large  X/D.  The  method  of  varying  X/D  may  have  an  important  influence  on  the  impingement  aerodynamics.  By 
increasing  D  at  a  constant  X  the  jet  edges  become  closer  together.  For  the  same  Z  varying  X/D  by  in¬ 
creasing  D  decreases  Z/D  and  increases  Z/X  as  compared  with  increasing  X/D  by  increasing  X  with  D  constant, 
Thus  the  dependence  of  heat  transfer  on  Z  may  be  different  for  the  two  situations. 

In  the  present  work  the  X/D  effect  on  impingement  heat  transfer  has  been  investigated  by  varying  D  at 
a  constant  X  for  a  range  of  fixed  Z  values.  Previous  work  by  the  authors  has  investigated  the  X/0  effect 

at  a  constant  Z/D  of  4.5  (14).  The  values  of  Z  that  resulted  from  some  of  the  geometries  were  much  larg¬ 

er  than  were  practical  for  gas  turbine  applications.  Consequently,  it  was  considered  more  practical  to 
investigate  whether  there  was  a  range  of  Z  over  which  there  was  little  influence  of  Z  on  the  impingement 
heat  transfer.  Previous  work  on  the  influence  of  Z/D  at  constant  X/D  (13)  showed  that  the  influence  of 
Z/D  was  relatively  small  particularly  for  1  <  Z/0  <  10  as  shown  in  Fig.  3.  Comparison  with  other  publish¬ 
ed  data  (13)  also  show  a  simil."^  lack  of  influence  of  Z/0  in  the  range  1  <  Z/D  c  6  as  shown  in  Fig.  4. 

This  range  of  Z/0  covers  the  fractical  range  and  also  implies  a  range  of  Z  values  over  which  a  change  in 

D  will  have  little  influence  o,’  the  impingement  heat  transfer.  It  was  the  objective  of  the  present  work 
to  determine  this  range  of  Z. 

Impingement  Test  Plate  Designs 

Coolant  mass  flow  per  square  ireter  of  wall  area,  6,  is  related  to  the  total  coolant  flow  area  per 
square  metre  of  wall  area,  A,  and  the  combustor  wall  pressuic loss,  aP,  by  Equation  (1): 

G  =  CpA(2paP)®'Mk9  s'V^)  (1) 

where  is  the  discharge  coefficient  of  the  impingement  holes.  The  dimensionless  area  parameter  A  is 
equivalent  to  the  percentage  open  area  referred  to  by  Chance  (16).  The  determination  of  the  discharge 
coefficient  is  not  straightforward  es  the  hole  sixes  are  small  and  the  nietal  thickness  significant;  this 
results  in  the  hole  length  to  diameter  ratios  (t/0)  being  greater  than  unity  for  many  impingement  geo¬ 
metries.  Also  the  back  pressure  caused  by  the  impingement  plate  may  influence  the  discharge  coefficient. 
Andrews  and  Mkpadi  (9)  have  investigated  these  problems  and  show  that  Cj.  is  not  influenced  by  the  impinge¬ 
ment  plate  unless  the  Z/D  ratio  is  less  than  unity.  Cn  was  found  to  be^mainly  influenced  by  the  hole  t/D 
and  method  of  manufacture  (9),  The  reason  for  the  lack  of  significant  influence  of  the  impingement  plate 
on  Cq  is  that  the  unity  dynamic  head  exit  pressure  loss  is  replaced  by  an  equivalent  bend  pressure  loss 
(9). 


Equation  (I)  may  a'so  be  expressed  as; 


(2) 


An  impingement  flow  parameter,  Gp,  results  from  Equation  (2)  which  is  independent  of  the  combustor  opera¬ 
ting  pressure,  P: 
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For  a  fixed  geometry  and  impingement  flow  pressure  loss,  Gp  is  dependent  only  on  the  operating  temperat¬ 
ure.  Gp  determines  the  impingement  jet  velocity,  u,  as  shown  in  Equation  (4).  The  present  results  are: 
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obtained  at  10^  Pa  nominal  operating  pressure;  equivalent  engine  impingement  mass  flow  rates  can  be 
obtained  from  Equation  (3). 


For  a  fixed  value  of  G,  the  impingement  hole  geometry  used  to  achieve  the  desired  value  of  A 
depends  on  the  number  of  holes  per  square  metre  of  impingement  surface,  n.  The  impingement  hole  diameter, 
D,  is  given  by  Equation  (5)  and  the  impingement  hole  pitch,  X,  for  a  squai'e  array  of  holes  by  Equation 
(6).  Combining  Equations  (5)  and  (6)  gives  Equation  (7)  for  the  pitch  to  diameter  ratio  X/D,  which  is 
independent  of  the  number  oT  holes: 

D  = 

X  = 
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It  may  be  shown  that  the  impingement  hole  Reynolds  number.  Re,  which  is  used  in  the  correlation  of  the 
impingement  heat  transfer  data,  is  given  by  Equation  (8): 
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where  d  is  the  coolant  viscosity. 


Re 
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To  select  the  hole  geometries  applicable  to  the  full  coverage  combustion  chamber  wall  cooling  situa¬ 
tion,  it  is  necessary  to  know  the  required  coolant  mass  flow  per  unit  surface  area.  To  enable  realistic 
geometries  to  be  selected,  a  survey  of  coolant  flows  per  unit  surface  areas  for  a  range  of  aero  and  indus¬ 
trial  gas  turbines  was  carried  out.  The  results  are  shown  in  Table  1;  the  data  were  obtained  by  divid¬ 
ing  the  engine  mass  flow  by  the  operating  pressure  and  the  flame  tube  surface  area.  The  latter  parameter 
was  only  evaluated  approximately  by  taking  combustion  chambers  as  simple  cylinders  or  annular  rings; 
however,  the  resultant  G  values  are  reasonably  reliable  (♦  10  percent)  for  the  purposes  of  design  evalua¬ 
tion.  A  typical  proportior\C,of  the  mass  flow  used  for  cooTing  in  a  conventional  engine  is  approximately 
do  percent.  Table  1  indicates  that  a  range  of  G  values  from  0.9  to  1.5  kg/sm^  bar  is  representative  of 
current  techniques.  If  the  proportion  of  air  used  for  wall  cooling  is  to  be  reduced,  then  G  values  in  the 
range  0. 2-0.4  are  required.  This  represents  coolant  flow  in  the  range  10-20  percent  of  the  total  flow 
rate,  which  is  a  substantial  reduction  on  conventional  techniques. 

2 

Table  1:  Coolant  air  flow  at  1  bar  per  unit  surface  area,  G-kg/sn  ,  for  a  range  of  gas  turbines  A-H. 
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0 

E 

F 

G 

K 

10 

0.22 

0.14 

0.24 

0.20 

0.23 

0.33 

0.10 

0.30 

20 

0.45 

0.28 

0.47 

0.41 

0.47 

0.67 

0.20 

0.60 

30 

0.67 

0.43 

0.71 

0.61 

0.70 

0.99 

0.30 

0.90 

40 

0.90 

0.57 

0.95 

0.82 

0.93 

1.32 

0.40 

1.20 

50 

1,12 

0.71 

1.18 

1.02 

1.16 

1.65 

0.50 

1.50 

Table  2: 

Impingement  geometries 

of  combustor  wall  cooling 

AP 

T 

X/D 

G 

(kg  s*^ 

m  ^  at 

10^  Pa) 

i 

(OC) 

0.2 

0.3 

0.4 

0.5 

0.6 

0.8 

1.0 

1.5 

2.0 

3.0 

3 

27 

16.6 

13.2 

11.5 

10.2 

9,3 

8.1 

7.2 

5.9 

5.1 

4.2 

427 

13.1 

10.7 

9.3 

8.3 

7.6 

6.6 

5.9 

4.8 

4.1 

3.4 

5 

27 

18.4 

15.0 

13.0 

11.6 

10.6 

9.2 

8.2 

6.7 

5.8 

4.8 

427 

14.9 

12.2 

10.5 

9.4 

8.6 

7.4 

6.7 

5.4 

4.7 

3.8 

For  impingement  cooling  of  combustion  chamber  walls  the  maximuiti  available  pressure  loss  is  the  com¬ 
bustor  pressure  loss.  The  effusion  cooling  studies  have  shown  that  for  optimum  film  cooling  performance 
a  large  effusion  hole  size  U  preferable  with  consequently  a  low  pressure  loss  (12).  For  impingement/ 
effusion  applications  it  is  therefore  valid  to  assume  that  ail  tlie  pressure  loss  would  occur  at  the  imp¬ 
ingement  plate.  The  design  of  the  impingement  plate  is  mainly  specified  by  the  desired  pressure  loss 
aP/P  and  the  required  coolant  flow  per  unit  surface  area,  6.  Combining  Equations  (2)  and  (7)  it  may  be 
shown  that  the  impingement  hole  pitch  to  diameter  ratio  is  specified  by  Equation  (9). 
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For  a  Cp  of  0.8  (9)  and  a  pressure  P  of  1  bar  Equation  (9)  may  be  reduced  to  Equation  (10) 

I  .  72.4  ^  (10) 

Table  2  presents  the  values  of  X/0  for  two  practical  values  of  fiP/P,  at  two  coolant  temperatures  and  a 
range  of  G  from  10'^  to  lOOiS  of  the  combustion  air  flow  as  summarised  in  Table  1.  Table  2  shows  that  for 
combustion  chamber  wall  cooling  applications  impingement  heat  transfer  correlations  for  a  range  of  X/D 
from  3  to  18  are  required.  There  have  been  no  systematic  investigations  of  the  X/D  effect  at  constant  X 
and  variable  0  and  the  present  work  and  that  of  Ref.  14  covers  the  X/D  range  2-21. 

Equation  (6)  shows  that  the  hole  pitch  X  is  purely  a  function  of  the  number  of  holes  per  unit 
surface  area,  n.  The  influence  of  n  on  impingement  heat  transfer  is  being  investigated  in  an  associated 
research  programme.  The  present  work  has  been  carried  out  for  a  fixed  number  of  holes,  n,  of  4306  per 
square  metre.  An  impingement  plate  size  of  152  imt  square  has  been  used  with  a  10  by  10  square  array  of 
holes  with  a  pitch,  X,  of  15.2  im.  Table  3  lists  the  range  of  plates  used  to  achieve  the  2  to  22 
variation  in  X/D.  All  the  plates  were  6.3  mm  thick  Mimonic  75. 

Experimental  Apparatus 

The  experime.'.tal  apparatus  has  been  described  previously  (13-15)  and  is  shown  in  Fig.  5.  It  con¬ 
sists  of  a  filtered  and  metered  air  supply  from  a  compressor  to  an  insulated  152  mm  square  plenum 
chamber  with  two  flow  distribution  grid  plates.  The  152  mm  square  Nimonic  75  impingement  test  plate  was 


:fi-4 


bolted  to  the  plenum  choniber  and  then  bolted  at  the  four  corners  through  10  rnn  diameter  PTFE  spacing  rods 
to  the  impingement  target  plate.  The  four  corner  spacing  rods  were  interchangeable  so  that  the  impingement 
gap,  Z,  could  be  varied.  A  single  insulated  (150  mi  thick)  silicone  rubber  mat  heater  was  used  to  heat 
the  152  nm  square  Ninionic  75  impingement  target  plate.  The  target  plate  was  instrumented  with  fourteen 
uniformly  spaced  .iiineral  insulated  grounded  junction  Type  K  thermocouples. 

Table  3:  Test  Plate  Design  Details  (Constant  X  =  15.24  rni) 
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.28 
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6.83 
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1.38 

2.17 
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0.140 

11.03 

0.65 

1.18 

3.80 
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0.190 
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0.47 

0.71 

18.30 
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21 .46 

0.17 
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Heat  Transfer  Correlation  Procedure 

It  was  shown  in  Ref.  15  that  the  target  plate  temperature  variations  were  less  than  1%  for  a  Z/D  of 
4.5.  Consequently,  the  mean  target  plate  temperatures  could  be  used  to  determine  the  mean  impingement 
heat  transfer  coefficient.  For  each  flow  rate  the  system  was  allowed  half  an  hour  to  come  into  thermal 
equilibrium  before  all  the  temperatures  were  noted.  The  temperature  difference  between  the  target  plate 
and  the  impingement  plenum  chamber  air  temperature  was  kept  at  approximately  IPOC,  measuied  with  a 
resolution  of  0.1°C.  An  average  heat  transfer  coefficient,  h,  was  determined,  by  Equation  (11)  for  the 
entire  target  surface  area 

h  =  (11) 

where  Q  is  the  electrical  heat  supply  (watts)  less  a  3%  allowance  for  heat  losses  (16,22,35),  K  is  the 
target  surface  a-ea  (mZ),  T  is  the  target  mean  temperature  and  's  the  log-mean  temperature  of  the 

impingement  grid  plate  and  the  air  temperature  inside  the  plenum.  The  log-mean  temperature  has  been  used 
as  a  closer  temperature  to  the  impingement  jet  outlet  than  the  upstream  temperature  (15).  This  has  also 
been  used  by  other  workers  (21,23,26,33). 

The  impingement  heat  transfer  results  are  generally  correlated  by  a  dimensionless  equation  of  the 
form  Of  Equation  (12)(16, 17,21-23, 27). 


where  Reynolds  number  is  defined  by  Equation  (8).  For  air  the  P.andtl  number  term  may  be  regarded  as  a 
constant  (Cpu/k).  Kany  previous  workers  have  not  evaluated  the  exponents  a  and  b  but  left  the  results 
in  a  graphical  form.  The  evaluation  of  the  exponent  y  has  been  extensively  studied.  In  the  present  in¬ 
vestigations  the  exponents  a  and  y  will  be  determined  over  a  range  of  impingement  gaps,  Z.  Also  the 
dependance  of  the  exponent  y  on  X/0  will  be  investigated  for  a  range  of  Z. 

In  the  present  work  the  variables  investigated  are  G,  D  and  Z.  It  may  be  shown  from  Equation  (12) 
and  (2-8)  that  h  is  related  to  these  parameters  by  Equation  (13). 

h  =  const.  (13) 

It  is  the  objective  of  the  present  work  to  show  that  for  a  limited  range  of  Z,  there  is  no  influence 

of  Z  on  h  and  it  can  be  included  in  the  constant  so  that  Equation  (13)  simplifies  to  Equation  (14) 

h  =  const.  D-(’taty)ey  (iq. 

The  exponent  for  the  hole  diameter  will  be  termed  j,  as  defined  by  Equation  (15). 

j  =  1+a+y  (15) 

Influence  of  Impingement  Hole  Reynolds  Number 

The  Re  has  been  varied  by  changing  G  for  each  value  of  X/D  in  Table  3.  Fig.  6  shows  the  results  for 
aconstantZ  of  approximately  6  mm  plotted  on  the  basis  of  Equation  (12)  and  Fig.  7  on  tiie  basis  of  Equation 
(13).  A  least  squares  fit  to  the  data  on  these  graohs  has  been  used  to  evaluate  the  exponent  y  in 
Equations  (12)  and  (13).  The  variation  of  y  with  X/0  for  a  range  of  Z  from  3-12  mm  is  shown  in  Fig.  8. 

This  also  shows  equivalent  data  for  a  constant  Z/D  of  *.5  (14).  Fig.  8  shows  that  there  is  some  indica¬ 
tion  of  a  weak  dependance  of  y  on  both  X/D  and  Z.  How,!ver,  to  include  these  relationships  in  Equations 
(12)  and  (13)  would  create  a  cumbersome  correlation.  A  constant  value  of  y  of  0.72  has  been  used  in 
previous  work  (13,14)  and  represents  a  reasonable  mean  value  of  the  results  in  Fig.  8. 

Influence  of  Impingement  Gap,  Z 


Figs.  9  and  10  show  the  similar  results  to  Figs.  6  and  7  for  Z  =  3,  6  and  12  m  and  two  values  of 
X/D.  These  show  that  for  this  range  of  Z  there  is  little  influence  of  Z  on  the  heat  transfer  rel.ttionships. 
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This  supports  the  result  in  Figs,  3  and  4  (13)  which  show  that  there  is  a  range  of  Z/D  over  which  the  im¬ 
pingement  heat  transfer  shows  little  dependance  on  Z/D.  Fig.  11  shows  that  the  exponent  y  is  not  depend¬ 
ant  on  Z,  except  at  very  small  values  of  Z.  The  influence  of  X/0  on  y  shown  in  Fig.  3  is  also  apparent 
in  Fig.  11 . 

The  variation  of  h  with  Z  for  a  range  of  X/0  is  shown  in  Figs.  12  and  13  which  differ  only  in  the  G 
value.  All  the  test  results,  except  for  an  X/D  of  1.9,  show  that  for  2  <  Z  <  12  mn,  there  is  little  in¬ 
fluence  of  Z  on  h.  For  values  of  Z  larger  than  12  mm,  h  gradually  decreases  as  Z  is  increased.  The 
anomolous  results  for  a  X/D  of  1.9  were  due  to  the  low  values  of  Re  (<  2000).  The  results  in  Figs.  9-13 
clearly  support  the  conclusion  that  for  2  <  Z  <  iZtim  there  is  no  influence  of  Z  on  the  impingement  heat 
transfer.  The  range  of  Z  is  the  practical  range  for  gas  turbine  combustion  chamber  and  turbine  blade 
impingement  cooling. 

Influence  of  X/D 

1/3 

Fig.  14  shows  the  influence  X/D  on  Nu/PR  for  a  range  of  Re  and  a  constant  Z  of  6  mm.  Fig.  15 
showstheequivalent  data  for  the  dependance  of  h  on  X/D  for  a  range  of  G  at  a  constant  Z  of  6  mm.  Fig.  16 
shows  similar  results  to  Fig.  15  for  a  Z  of  1.5  mm.  These  results  show  a  uniform  relationship  with  X/D  in 
contrast  with  the  previous  results  (14)  at  a  constant  Z/D  of  4.5.  These  showed  a  uniform  dependance  on 
X/D  only  at  high  values  of  X/D.  The  reason  for  this  was  that  at  low  X/D  and  a  Z/D  of  4,5,  the  impingement 
gap  was  considerably  greater  than  the  10  min  maximum  value  found  in  this  work  for  the  heat  transfer  to  be 
independant  of  Z. 

A  least  square  fit  to  the  data  in  Figs.  15  and  16  has  been  made  to  evaluate  the  exponent  j  in 
Fnuafinn  (15).  This  shows  some  dependance  on  G  as  shown  in  Fig.  17.  Excluding  the  data  for  Z  =  1.5  mm, 
the  resul  ts  may  be  correlated  by  Equation  (16)  for  3  <  Z  <  19 


i  =  0.54+  0.05  G/6  (16) 

However,  in  spite  of  the  dependance  of  j  on  the  flow  rate  G,  the  inclusion  of  Equation  (16)  in  Equations 
(12)  and  (13)  produces  a  cumbersome  correlation.  In  the  present  work  a  mean  value  for  j  of  0.64  has  been 
taken.  This  value  of  j  taken  with  the  0.72  value  for  y  gives  from  Equation  (15)  a  value  of  -1.08  for  a. 
This  is  shown  in  Fig.  14  to  be  in  good  agreement  with  the  results  correlated  in  terms  of  Equation  (12). 

General  Correlations 

Using  Equation  (13)  the  present  results  may  be  correlated  by  Equation  (17). 

y  0.64  0.72 

h  =  75  (9)  G  (17) 


for  2  <  Z  <  1 2  mm 


The  equivalent  correlation  for  a  constant  Z/D  of  4.5  in  Ref.  T4  was 

V  0.72 

h  =  63  (i  G)  (18) 


The  agreement  of  the  experimental  data  with  Equation  (17)  is  shown  in  Figs.  18-20  to  be  good  and  compari¬ 
son  of  these  figures  indicates  a  minimal  influence  of  Z  over  the  range  3-12  tin.  This  data  scatter  is 
greatest  at  low  G  values  where  the  flow  is  often  of  low  Re.  However,  the  level  of  agreement  justifies  the 
use  of  simple  fixed  values  for  the  exponents  j  and  y  rather  than  more  complex  forms  such  as  Equation  (16). 


The  equivalent  dimensionless  correlation  of  the  results  in  Equation  (17)  may  be  arranged  in  the  form 
of  Equation  (12),  but  without  any  Z/C  influence,  as  in  Equation  (19). 


Nu 


27  o’  “8  Re®-^^ 


(19) 


In  the  present  work  X  was  constant  at  15.2  mm  and  Equation  (19)  may  only  apply  to  this  value  of  X  or  this 
value  of  n.  Further  work  is  in  progress  to  investigate  the  influence  of  X  or  n.  The  present  value  of  X 
may  be  incorporated  into  Equation  (19)  to  introduce  X/0  as  a  parameter  as  in  Equation  (20). 

y  -1 .08  0  72 

Nu  =  0.29  (i)  Re”  ''^  (20) 

The  present  results  are  shown  for  Z  =  6  im  in  Fig.  21.  The  data  scatter  in  Fig.  21  and  Figs.  18-20  is 
random  and  shows  no  systematic  dependance  on  X/0. 


Combined  Impingement/Effusion  Cooling 

The  test  rig  has  been  described  previously  (7-12)  for  work  on  single  full  coverage  discrete  hole 
film  cooling  systems  (effusion  cooling).  It  consists  of  the  same  coolant  air  supply  system  as  in  Fig.  1. 
The  impingement  gap  was  formed  using  a  6  mm  flinge  with  gaskets  on  each  side  bolted  through  to  seal  for  any 
leaks  between  the  impingement  and  effusion  plates.  This  152  mm  square  impingement/effusion  cooling  system 
was  flush  mounted  in  the  wall  of  a  152  mm  by  76  im  a’l-  c'olsd  duct.  The  air  flow  in  this  duct  was  heated 
by  a  propane  fired  preheater  to  approximately  750K.  The  coolant  air  was  not  preheated  and  this  gave  a^ 
coolant  to  hot  gas  density  ratio  of  approximately  2.5,  which  is  typical  of  combustor  primary  zone  condit¬ 
ions.  The  test  rig  could  also  achieve  actual  combustor  conditions  using  a  JetHix  (36,37)  rapid  fuel  and 
air  mixing  lean  burning  kerosene  fired  combustion  system.  At  the  750K  low  temperature  of  the  present 


work  this  Jet  Mix  system  was  not  fuelled  and  it  acted  as  a  grid  plate  to  generate  realistic  turbulence 
levels  in  the  crossflow.  The  geometry  of  the  system  involved  radiative  heat  transfer  between  the  test 
plate  and  the  duct  walls  (11).  Correction  techniques  have  been  developed  for  this  for  a  single  effusion 
nUte  (11),  but  for  inipingement/ef fusion  cooling  a  knowledge  of  the  impingement  heat  transfer  is  required. 
The  present  work  gives  correlations  which  may  be  used  for  a  correction  procedure.  In  the  present  work 
with  a  750K  mainstream  temperature  the  correction  term  was  small,  except  at  very  low  G  values.  Hence, 
the  uncorrected  test  results  may  be  used  to  illustrate  the  additional  influence  of  impingement  cooling  to 
effusion  cooling. 


Each  test  plate  was  instrumented  with  five  grounded  junction  type  K  mineral  insulated  thermocouples, 
vacuum  brazed  to  the  test  plate  with  the  thermocouple  junction  flush  with  the  metal  surface  adjacent  to 
the  hot  gas  cross  flow.  The  thermocouples  were  positioned  26  mm  apart  on  the  centreline  of  the  test 
plate  and. between  rows  of  holes  as  detailed  in  Ref.  10.  The  temperature  gradients  between  the  holes  were 
small  and  at  the  maximum  were  only  3%  of  the  pUce  temperature  (10).  The  five  thermocouples  were  used  to 
determine  the  axial  development  of  the  overall  cooling  effectiveness  defined  in  Equation  (21). 


n 


(21) 


The  crossflow  hot  gas  tGmper3*'ure,  Tg,  was  measured  using  a  traversing  mineral  insulated  thermocouple 
positioned  60  mm  normal  to  the  centre  of  the  test  plate.  This  temperature  was  corrected  for  radiative 
heat  losses  using  the  mean  duct  velocity  and  the  measured  duct  wall  temperature.  The  coolant  temperature 
T(.  was  that  at  the  flow  metering  station. 

The  cooling  effectiveness  values  127  mm  downstream  of  the  leading  edge,  for  one  of  the  present  im¬ 
pingement  plates,  X/0  =  11.03  and  1-1  imi,  in  combination  with  an  effusion  plate  with  a  total  hole  area 

2.86  times  greater  are  shown  in  Fig.  22.  Equation  (2)  shows  that  this  will  give  a  pressure  loss  differ¬ 
ence  by  a  factor  of  8.1,  thus  the  pressure  loss  will  be  mainly  at  the  impingement  plate.  The  impingement 

holes  were  equal  in  number  to  the  effusion  holes  (0=2.33  mm)  and  were  offset  half  a  hole  pitch  from  the 

effusion  holes.  Thus  the  impingement  jet  was  directed  in  the  centre  of  the  square  array  of  effusion  holes. 
The  effusion  cooling  alone  has  been  investigated  separately  (12)  and  the  cooling  effectiveness  values  are 
shown  for  comparison  in  Fig.  22.  There  is  clearTy  a  significant  improvement  in  the  cooling  effectiveness 
with  impingement  cooling.  Comparison  with  Fig.l  ^hows  that  the  results  are  comparable  with  some  of  the 
best  results  for  more  comple<  materials  such  as  Trai^sply  and  Lamilloy. 


Impingement  Plate  Heating 

A  problem  that  has  been  found  ir  the  present  work  is  that  not  only  is  the  target  plate  cooled  by 
the  impingement  coolirrg,  but  the  impingement  plate  is  heated.  This  has  been  found  both  on  the  impingement 
heat  transfer  test  rig  and  in  the  combined  iropingement/effusion  tests.  Calculations  have  shown  that  only  a 
small  proportion  of  this  heating  can  be  accounted  for  by  radiation  from  the  hotter  target  plate.  Fig.  2  3 
shows  the  magnitude  of  the  effect  for  the  impingement  tests  (16).  This  heating  of  the  Impingement  plate 
was  the  reason  for  using  the  log-mean  temperature  in  the  determination  of  the  heat  transfer  coefficient 
in  Equation  (11),  Mo  other  investigators  have  reported  measurements  of  the  Impingement  plate  temperature 
and  generally  have  used  the  impingement  air  supply  temperature  in  the  impingement  correlations.  It  is  the 
coolant  temperature  at  the  impingement  plate  exit  holes  that  is  required  in  the  impingement  correlations 
and  the  use  of  the  log-mean  temperature  is  an  attempt  to  use  a  coolant  temperature  close  to  this  in 
Equation  (11). 

For  the  1mpingement/ef fusion  cooling  situation  the  temperature  rise  of  the  impingement  plate  is 
much  greater  than  for  the  very  low  temperature  impingement  heat  transfer  test  rig.  Fig.  24  shows  the 
magnitude  of  this  effect.  To  use  the  present  impingement  correlations  it  is  clearly  necessary  to  predict 
the  coolant  outlet  temperature  from  the  impingement  plate.  Techniques  for  this  have  been  developed  for 
effusion  cooling  (10,11,12)  and  may  be  applied  to  the  impingement  plate.  Such  predictions  are  shown  in 
Fig.  2 4  to  be  in  agreement  with  experimental  measurements  of  the  gap  temperature.  However,  if  a  general 
prediction  procedure  is  to  be  developed  for  impingement/effusion  wall  cooling  it  is  necessary  to  be  able 
to  predict  the  impingement  plate  temperature. 

The  heating  of  the  impingement  plate  is  considered  to  be  due  to  both  radiative  and  convective  heat 
transfer.  The  former  can  be  easily  predicted  but  no  information  exists  for  the  convective  heating  of  the 
impingement  plate  as  the  phenomena  has  not  previously  been  recognised.  It  is  considered  that  the  convect¬ 
ive  heating  is  caused  by  the  deflection  of  the  impinging  jets  back  from  the  target  plate  onto  the  impinge¬ 
ment  plate.  It  is  likely  that  this  effect  may  I*  a  strong  function  of  Z  and  some  evidence  for  this  is 
given  in  Fig.  21  it  is  the  intention  of  the  authors  to  provide  data  for  the  convective  heat  transfer  to 
the  impingement  plate  as  an  essential  prerequisite  of  a  full  impingement/effusion  wall  cooling  prediction 
programme. 


Conclusions 


1.  The  influence  of  X/0  on  Impingement  heat  transfer,  with  0  as  the  variable  at  constant  X,  is  an 
important  parameter  for  oas  turbine  applications.  For  combustor  wall  cooling  the  relevant  range  is 
3  <  X/0  <  18. 

2.  The  impingement  gap,  Z,  has  little  influence  on  the  impingement  heat  transfer  for  2  <  Z  <  12  mm.  Itis 
preferable  to  investigate  the  X/D  effect  at  constant  Z  rather  than  constant  Z/0,  as  the  variation  in 
1  is  much  greater  than  the  2-12  mm  range. 
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3.  The  influence  of  X/0  on  impingement  heat  transfer  may  be  correlated  by  Equations  (IV)  and  (20). 

h  =  75  (X/O)®'^'*  G 


h 


(17) 
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Nu  =  0.Z9  (X/O)"’"®®  (20) 

4.  Impingement  combined  with  effusion  cooling  gives  a  significant  increase  in  cooling  effectiveness. 
The  relatively  simple  wall  cooling  geometries  have  a  cooling  performance  as  good  as  the  much  more 
complex  Transply  and  Lamilloy  wall  materials. 

5.  Impingement  cooling  results  in  coolant  jet  deflection  of  the  Impinging  jets  back  onto  the  impinge¬ 
ment  plate  causing  convective  heating.  This  phenomena  has  not  been  previously  recognised  and  no 
convective  heat  transfer  data  exists. 
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DISCUSSION 


S.C.Ariira,  Cii 

I  am  a  bit  confused  abtml  your  geoiiiciric  variables.  Is  il  X/D  and  Z/D  or  X.  Z  and  IX.’  If  it  X/D  and  Z/l>  then  il 
sluiiild  not  matter  whether  a  special-  value  of  die  variable  is  obtained  by  varyiiij;  X  and  Z.  or  only  D. 

Author's  Reply 

In  the  work  imi.stly  1)  is  llie  variable  whereas  X  and  Z  arc  constant. 


D.E.Mct'/.ger,  US 

'rite  results  in  the  pa|)cr  are  all  derived  I'roin  mca.surements  of  average  heat  transfer  over  the  test  plate.  It  appears  that 
these  results  are  given  for  Z/D  values  us  low  as  0.3. 'I'hcsc  low  values  of  Z/D  also  occur,  since  D  was  varied  at  constant 
X.  at  low  values  of  X/D.  l-'or  this  situation,  signiricant  variation  i>f  jet  velocity  between  the  center  and  edges  of  the  jet 
array  arc  expected,  acconipiuiied  by  corresponding  variation  in  local  heat  transfer  coefficients.  How  then  can  these 
results  be  used  to  predict  the  conibined  iinpingcntenl/rilm  cooling  application  where  jet  crossflow  in  the  array  will  not 
lie  present? 

Autliur’s  Reply 

Hie  use  of  the  averitge  surface  temperature  in  the  heat  transfer  coefficient,  h,  in  Eq.  1 1  is  one  of  the  main  rcitsons  fur 
data  sciittcr  in  the  results,  'fhe  reason  for  tliis  is  that  the  icmpciatui  e  doc :  vary  over  the  target  plate  with  an  associated 
variation  in  h.  However,  these  variations  are  generally  low  and  only  use  as  higli  as  ±  I  C%  of  the  mean  for  extreme 
cunditioiis  and  the  ease  iliai  you  quote  of  small  Z/D  at  a  small  X/D  is  one  of  these.  Some  details  of  these  heat  transfer 
cocfricicnt  Vtirialions  for  this  situation  have  been  published  in  Ref.l  S  and  at  the  7th  ISAUE  meeting  (Sept.  1 985). 

Tltc  main  contributing  factor  to  these  variiUions  in  h  is  the  crossflow  of  the  impingement  air  experienced  by  the  outer 
jets  of  the  array.  As  you  liavc  pointed  out  for  the  8- 1 8  mm  holes  situation  the  static  prc,ssiire  gradient  in  the 
impingement  gup  can  cause  a  middistribulion  of  the  airflow  between  the  holes.  However,  in  the  smaller  hole  tested  the 
hole  dvnainic  pressure  loss  is  greater  than  any  impingcmer.t  gap  pressure  gradient  and  this  flow  maldistribution  effect 
will  be  much  smaller.  The  main  effect  then  is  that  of  the  impingement  gap  mass  flow  velocity  which  can  contribute  to  the 
convection  cooling  of  the  target  plate.  For  most  of  the  geometries  we  have  i.ivestigatcd  crossflow  enhances  the  heat 
t  ranster  slightly. '  I'his  effect  is  greatest  at  smiill  values  of  Z  and  is  the  major  factor  contributing  to  the  lower  limit  of  Z  in 
tile  correlafion. 

I'he  aim  of  the  vet  y  large  hole  impingement  systems  was  to  determine  whether  low  pressure  loss  high  mass  flow 
impingement  systems  were  feasible.  The  intended  application  for  the  low  X/d  data  was  not  combined  impingement/ 
effusioit  cooling.  Our  design  estimates  indicate  tiiat  hole  sizes  in  llie  3—8  mm  range,  for  X  —  1 5.2  mm,  may  be  required 
for  this  application  witli  coolant  mass  flows,  0, 2—3  kg/(sm^)  at  1  bar.  'Die  proposed  impingement  correlation  indicates 
values  of  II  in  the  range  200—400  W/(ni^K)  will  be  possible,  this  is  also  demons-'.rated  in  Fig.7.  For  a  3‘'/c.  type  pressure 
loss  at  die  impiiigcmeiit  plate  and  a  low  coolant  mass  flow  for  a  combined  impingcmcnt/effusioii  application,  the 
equivalent  value  of  h  for  the  necessarily  larger  X/P  systems  is  approximately  1 50  W/(m^K).  Consc<|ueiuly,  the 
intended  application  may  be  feasible  although  funkier  work  on  the  crossflow  effect  for  these  small  X/D  systems  will  be 
required,  although  Fig.  1 3  indicates  that  tills  may  be  benencial. 
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RESUME 

(.'augmentation  des  performances  des  turboreactoura  avec  rechauffe  exige*  cle  la  part  des  constructeura,  un 
effort  de  recherche  tcchnologtquc  dan':  le  domainc  de  la  protection  des  parois  des  canaux  dc  rechauffe. 

Les  precedes  utilises  pour  refroidir  chemises  do  protection  thermique  ont  connu  unc  Evolution  impor- 
tnntc  quit  associce  ^  des  fn6thodes  de  caLcul  permettant  une  optimisation  plus  pousscc,  a  permis  de  reali¬ 
se!'  dcs  gains  substsntiels  tant  sur  le  plan  dc  la  masse  que  sur  le  plan  dc  I'ef^icacit^  du  rcfroidisscinent. 


NOMENCLATURE 

A  Section  de  passage  de  I'ecoulement  entre  chemise  et  carter 

Ac  Section  oe  passage  de  I'ccouloment  principal 

13  Perimetre  dc  frottement  entre  chemise  et  carter 

He  Perlmetre  de  frottement  de  I’dcoulimcnt  principal 

CF  Coefficient  de  frottement  entre  chemise  et  carter 
CFc  Coefficient  de  frottement  dans  I'^coulement  principal 
dx  Longueur  d*une  tranche  clementairc  dc  calcul 
M  Nonbre  de  Mach  entre  chemise  et  carter 
He  Nombre  de  Mach  dans  Xc  flux  principal 
P  Pression  totalo  entre  chemise  et  carter 
PC  Pression  totale  dans  I'ccoulement  principal 
T  Temperature  totale  ontre  chemise  et  carter 
TC  Temp6rature  totale  danG  1 'dcoulement  principal 

Y  Rapport  des  chaleurs  specif iques  dans  I'ccoulement  entre  chemise  et  carter 

Yc  Rapport  des  chaleurs  spCclfiqres  dans  I'CcouXement  principal 

q  Efficaclte  adiabatique 

q  Rendemeiit  de  rechatiffe 

1NTR01:>UCT10N 

l.’augmentation  des  pcrformonccR  des  turborcac tears  avec  rechauffe  passe  par  des  conditions  dc  fonctionne- 
inent  de  plus  en  plus  sCvcres  on  temperatures  (augmentation  de  la  tcmp6raturo  du  flux  primaire)  et  par  une 
reduction  des  debits  d'air  conuacreo  au  refroldis&emcnt  du  canal. 

Cette  recherche  de  performances  toujours  omelior^os  a  conduit  les  motoristes  &  faire  6voluer  la  technologic 
ver.s  des  procudei?  de  refroldiusement  doo  parois  plus  cLabores. 

Cette  evolution  tochnologiquc  est  ici  presentee  par  La  comparaisou  dc«  chemiaes  de  protection  thermique  de 
piuHirurs  ffiotcurs  SNEC’HA. 

Leu  principales  dtapea  du  ddvcloppcmont  d'une  chemise  sent  ensuite  presentees  depuia  la  conception,  les 
essaia  particle  Jusqu'aux  essais  sur  moteur* 


1  -  EVOLUTION  UE  LA  TECHNOLOGIE  SUR  LES  HOTEIJRS  SNECMA 

Depuis  unc  trentainc  d'annccs,  dec  progres  intportnnts  'int  etc  accomplis  dans  la  conception  des 
chemisRc  do  protection  thermique  des  canaux  de  rechauffe  et  notammont  on  ce  qui  concern©  I'cfficacitC* 
du  refroidiosement  et  la  masse. 

a )  -  Mofccurs  monoflux 

Sur  le  notcur  ATAR  (figure  l),  Ic  refroidissoment  de  la  chomiso  est  assure  par  convection  forceo 
au  noycn  d'air  provenunt  de  ja  turbine  et  qui  est  done  u  unc  temperature  dc  I'ordre  dc  1000  K. 

Ceci  conduit  une  temperature  moyenno  dc  chemise  relativement  elevee  dc  I'ordre  de  l^r'O  K  a 
1350  K  et  nuccsslte  d'avoir  recouru  Ij  un  canal  en  acier  et  a  une  chemise  segmentlc  ct  ondulec 
circonferontiolloncnt. 

Sur  le  inoteur  OLYMI'US,  le  taux  dc  l-’C  est  tres  redult  (10  %  our  OLYMPUS  593)  ot  lu  cliemiBo  se 
reduit  y,  unc  zone  anti- screech  destinde  A  amortlr  leu  phonomAnes  vibratoircs. 

Heanmoina,  un  canal  or.  acier  dolt  6tre  employe. 
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b)  -  Moteurs  doable  flux 


Sux'  Ics  notours  double  flux  (figure  1),  one  partlo  du  flux  secondairc?  est  utilisue  pour  refroi- 
dir  la  chomiso  el  pt'Ot<^gQr  therniquement  le  canal,  ce  qui  pormet  d'ut.iliser  pour  la  fabx'ication 
de  dernior  du  titano,  nottemont  plus  leger  (tue  I'aci.er, 

Lcs  technologies  de  refroidiusement  de  chetnlpe  ont  cennu  une  6volution  comparable  a  collet  qui 
sont  utilis^es  aur  chambre  (figure  2)  : 

*  Sur  M53-L,  le  refroidiHsemenfc  a  tout  d'abord  6te  assure  par  7  films  a  alveoles.  Ce  type  de 
refreidibsement  presente  une  grande  heterogeneity  circonf^rcntieLle  due  k  la  pry&once  de 
pontets  destines  a  maintenlr  1 'ecartement  entre  parois  et  un  niveau  d*efficacite  moycn  tr^s 
inf6rieur  a  celui  d'une  fente  pure. 

Ce  mode  dc  refroidissement  a  rapidement  yte  retAplacy  par  un  dlspositif  de  11  films  chaudronnya 
possedant  unc  meilleure  efi'icacity  et  une  meilleure  homogynyity  circonf^rentielle. 

*  Sur  M63-5,  le  dispositif  a  11  films  a  ete  amyiiot’4  par  I'adjonction  d'une  ‘zone  multiperforye 
situee  cn  I'in  de  virole,  de  permeability  0,Q  %  et  destinye  a  diminuer  les  gradients  de  tempyra- 
ture  longitudinaux* 

Cependant,  ces  films  chaudronnys  posaedent  un  certain  nombre  d' Inconvynicnts  : 

-  ils  necessitent  1 'embottement  de  nombreux  el6ments  coniques  assembiya  par  rivetage, 

lea  languettes  de  films  se  dyforment  quand  elles  sont  soumises  k  une  surchauffe  (sillage) 
ce  qul  a  tendance  h  amplifier  les  points  chauds  et  Ik  propager  la  dyformation  a  d'autres 
vlroles  situees  en  aval. 


D'autre  part,  le  recours  a  des  films  mycaniques  tailiys  dans  la  naose  n*ytait  pas  envisageable 
sur  le  plan  du  coQt  ct  du  poids,  ce  qui  a  conduit  a  la  conception  de  chemises  ontiyreinent  multi** 
perforces . 


*  Sur  H63-P2  et  H86,  la  chemise  eat  unc  virole  de  faible  ypaisseur  onduHe  et  multlperforee 
(planche  2),  ce  qui  a'est  traduit  par  une  reduction  de  la  maase  (environ  20  %)  et  du  prix  de 
revient  assoclco  t  uno  amelioration  des  performances  de  tanuc  thermique  : 


••  Uitninu&ion  du  niveau  moycn  do  temperature 
-  reduction  dec  gradients  longltudlnaux  et  transverssux 
•  effacement  dee  sillages  provenant  de  l*amont. 

Le  tableau  ci-deseous  traduit  en  tempyrature  de  chemise  1 'evolution  de  la  technologle. 


Moteurs 

ATAH  9K»J0 

M53-2 

M53-5 

M53-P2 

Poussec  0/0 
plein  gaz  PC  (daN) 

voao 

7GOO 

0810 

9495 

Taux  de  rechauffe 

0,43 

0.51 

0.62 

0.48 

Tempyrature  de  retroidiscement 
(Ki 

993 

400 

412 

421 

Temperature  flux  chaud 
amont  rechauffe 
(K) 

993 

1090 

1155 

1155 

Tempyrature  de  chemise 
(K) 

>  1123 

900 

_ 1 

870 

800 

Four  le  futur,  1 'utilisation  de  chemises  en  composite  est  envisagye,  ce  qui  iaisse  espercr  un  gain 
de  masae  et  de  dybit  do  refroidissement  permettnnt  d'amyilorer  le  taux  de  rechauffe  et  le  rendement 
do  prof 11 . 


2  -  LES  KTAPES  DU  DEVElOt>PEHEWT 

2.1  «  Oonyralitys 


(<0  refroidissement  de  lo  chemise  est  dytermlny  de  maniyre  a  gurantlr  une  tomp6rature  de  canal 
compatible  avee  sa  tenue  thermique  et  les  spyclficotions  dc  I'avionneur.  Sur  ur.  motour  double 
flux  inoderne,  1 'utilluution  d'uri  canal  en  tltane  necossite  do  malntcnlr  la  tenpyralure  de  ce. 
dernier  t  unc  valeur  inffirleurc  Si  3<X>''  C, 


It 

i 


> 


f 


t 


On  ent  done  conduit  k  dimenoionner  Ic  refroidissement  de  la  chemise  &  une  valeur  suffisante  pour 
combattre  les  importantes  hyt6rogyn6ityo  circ<mfyrentielleu  de  temperature  gynyratrices  de 
tillages  chauds. 
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Cependant,  1 ' utilisation  d'air  pour  le  refrolcUasement  a  des  consequences  negatives  sur  Ics 
performances  du  moteur  :  d'une  part,  cet  air  n'eat  pas  utilise  pour  la  combustLoa,  ce  qui 
limito  le  taux  de  rechauffe  ct  d'autre  part,  son  introduction  progressive  dans  le  foyer  tend  a 
accentuer  le  profil  de  temperature  cn  sortie  de  tuydre  ce  qui  se  reperrute  sur  la  poussee. 

II  ognvient  done  d’utiliser  au  mieux  la  perte  dc  charge  pour  obteni»  un  refroidisacment  efi'i- 
cace.  Sur  lea  rroteurs  recents,  le  d6bLt  alLou6  au  refroidlssemsnl  represente  approxinativement 
10  %  du  d<^bit  d'air  total  et  est  melange  au  flux  principal  soit  par  I'intcrmediaire  de&  dlspo- 
sitifs  de  refrotdissement  (  'v>'60  X)»  soit  au  niveau  des  volets  de  tuyere  en  extr^mite  de  la 
chGtniso  afin  d'assurer  la  ventilation  de  ces  dernlers* 

2.2  -  Position  du  probleme 

I.es  ccoulcnents  a  ]  'int4rieur  des  foyers  de  rechauffe  se  caraetdrisent  par  des  niveaux  de 
pression  mooeres  (P  ^  4  bar)  mais  des  vLtesses  d'ecoulcinent  dlevSes.  Les  fronts  de  flamme  qui 
prennent  naisnance  au  niveau  des  annoaux  brdleurs  s'elargissent  progressivement  vers  I'aval 
jusqu'i  rencontrer  ics  parols  ou  11$  peuvent  engendrer  d'inportarites  h6tdrog4neit4s  clrconfc- 
renticllcs  cn  temperature,  l.'une  des  qualitSs  essentiellcs  d'un  refroidissement  de  chemise  est 
de  pouvoir  combattre  efficacoment  cc  type  d*h6tvroo4neites  et  en  particulicr  d*en  ctnpccher  ia 
propagation  loi  ^Ltudinalc. 

D'autre  part,  1* elevation  progressive  de  la  temperature  moyenne  de  I'Scoulement  a  l'int6rieur  du 
foyer  (figure  4)  a  deux  consequences  : 

-  la  chute  continue  dc  la  pressio»i  atatique  du  flux  primaire  longitudinalement  (figure  3), 

-  une  charge  thermique  sur  los  parols  de  chem  se  qui  va  croisaante  de  I'amont  vers  I'aval. 

Etant  donne  qu'un  ;>urdimen3ioniiement  m^canique  de  Ja  chemise  serait  penalisant  sur  Ic  plan  du 
bilan  de  masse,  1).  faut,  pour  satisfaire  aux  crit^.res  de  tenue  h  I'implosion,  maintenir  un 
4cart  de  pression  relativement  constant  longitudinalement  entre  I'air  circulant  entre  canal  ct 
chemise  ct  Ic  flux  principal.  Des  diaphragmes»  charg6a  dc  cr6er  des  pertes  de  charge  slng.uli^res 
sent  dune  disposes  dans  I'espace  annulaire  entre  chemise  et  canal  et  contrlbucnt  k  maintenir 
une  difference  de  pression  statique  acceptable  entre  les  deux  ^coulemcnts. 

Enfin,  blon  que  dans  un  soucl  dc  simplicity  de  fabrication  et  de  coQt,  le  mode  de  refrbidisse-> 
ment  soit  gyn^ralement  oonstitud  d'un  motif  unique  rdp^ty  le  long  de  la  chemise  (voir  figure  2), 
1 'augmentation  longltudinale  de  la  charge  thcrmlque  des  parols  est  Umitee  par  un  effet  de 
cunul  des  films  de  rofroidisse-ent  de  virole  h  virole. 

Cot  effet  de  cumul  est  naturelloment  d'autant  mieux  ryalisy  que  I'cfficacite  unltalre  de  chaque 
film  ost  importante*  La  figure  5  prdsento  par  exemple^  sur  une  longueur  de  cheinise  correspon*' 
dant  D  2  ondulations,  le  contribution  de  chacune  des  zones  multiperforyes  b  I'efficacity 
globale.  Cette  derniyro  est  calculee  par  ia  formula  suivante  ; 

1  .  =  n  (1  .  up 

dcsignant  I'efflcacity  de  la  zone  i  h  I'abscisse  x 

2.3  -  Le  dimenoionnement 


Les  caractcristlques  tnccaniques  ot  g^omutriqucB  dc  la  chemise  sent  dytermlnees  partlr  de 
calculs  aerodynamiques  et  thermlqucs  qui  permettent  d«  s' assurer  que  dans  1' ensemble  du  domaine 
de  vol  : 


i 

i 

i" 


I 

I 


-  le  dimens ionnement  des  diaphragmes  situes  entre  chemise  et  carter  est  tel  que  Ics  ecarts 
de  prossion  de  part  ot  d'autre  de  La  chemise,  ot  de  part  et  d'autre  du  canal  rcstent 
infyrieun  d  la  valeur  flxee  en  oblectif  (de  I'ordre  de  300  mbar  pour  la  chemise;  ; 

-  la  tempdrature  maximale  de  la  chemise  rest©  inf^rieure  b  une  valeur  compatible  avec  son 
objectif  de  durye  do  vie.  A  rygime  donny,  cette  tempyrature  dypend  essentlellemcnt  dc  la 
temperature  d\i  flux  oecondalre  et  Oe  la  perto  de  charge  disponlble  au  niveau  de  la 
chemise  ; 

-  la  tempdraturo  maximale  du  canal  reste  Inferieure  b  la  limite  fixAe.  Cette  tempdrature 
qui  depend  du  debit  et  de  lo  tempyrature  du  flux  seoondaire  ainsl  que  de  I'air  de 
ventilation  de  la  nacelle,  augment©  avec  I'altitude  (reduction  dc  la  convection  externe, 
augmentation  dc  la  temperature  dc  chemise)  et  avec  la  vitesse  de  1 'avion  (augmentation  de 
la  temperoturc  seoondaire). 

2.3.1  -  Le^calcu)^  aerodynamijue 

Au  utade  do  I'avant-projet,  La  repartition  du  debit  de  rafroldisspnent  dang  les  diffe- 
rents  orifices  peut  6tre  dytermlnee  au  moyen  d'un  code  do  calcul  utilisant  une  formula¬ 
tion  monodiincnnionnelle  compressible  du  thyoreme  de  la  quantity  de  mouvement  (1)  ct 
pouvant  prendre  cn  compte  i 

-  les  pertes  de  charge  par  frottement  et  apport  de  chaleur  entre  canal  ct  chemise, 
ot  dans  le  flux  principal. 
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On  obticnt  par  cxomple  pour  utie  tranche  do  longueur  dx  les  formules 
suivantci  : 


PI  T1  Ml 


Pci 

TCI 

MCI 


dx _ 

_ CMWl 


P2  T2  M2 


elMmla* 


PG2 

TC2 

MC2 


P2 

PI 


1-YMl 


1 


T2-T1  „  1 

T1  2*(Y-l)M1* 


*Cf 


Bdx 

8A 


, -Yc  MC.>  [  JSV^m  ,  . CFC  -^] 


Evolution  de  la  preaslon  au  passage  d*un  diaphragmo  ; 

ddbit  d*orlfices  de  film  ou  de  multiporforation. 

Pour  ne  pas  alourdlr  la  m^thode  de  resolution*  les  ooiculs  sdrodynamiques  et  de  tenue 
thermique  de  la  chemise  ont  ^te  d^coupl^s  et  uont  realises  successivement.  Cependsnt, 
compte-~tenu  de  la  n^cessit^  de  connattre  la  temperature  des  gaz  dans  cheque  section  de 
calcui,  un  trsitement  schematique  dee  problcmea  thermiquec  et  de  combustior.  est  neanmoins 
realist  4  ce  niveau  : 

-  utilisation  d'une  ioi  de  rendement  universelle  rentr^e  point  ^ar  point  ; 

-  formulation  muyenn^e  des  Equations  de  transfert  do  chaleur  permettant  d'estimer 
1  *echauffeinent  du  d^bit  d’air  entre  canal  et  chemise. 

Enfln,  d*autrcs  outils  de  calcui  bi  ou  trldlmensionnols  sont  ^galement  a  la  disposition 
de  I'ingcnicur  pour  traiter  les  problemes  locaux  pouvant  surgir  en  cours  do  ddveloppe- 
ment  (0). 

2.3.2  -  Ls^calcid  thermique 

La  description  du  comportement  thermique  d’une  part  de  la  chemise  et  d'autro  part  du 
canal  n^cessite  la  mise  en  oeuvre  d'un  logiclel  dc  calcui  simulant  de  maniere  roalLstO 
le:;  transferts  conductifs.  convectifs  et  rudiatifs. 

Les  tranaferta  conductifs  : 


PC2  g 
PCI 

le  calcui  de 
-  le  calcui  du 


La  description  des  transferts  conductifs  cat  r^alisce  au  moyen  d'une  methode  aux  volumes 
finis  instationnoirea*  Une  mdthode  bidimenaionnellc  (description  de  la  conduction  dans 
les  sens  radial  et  longitudinal)  et  une  methodc  tridlmensionnelle  (description  de  la 
conduction  dans  lea  sens  radial*  longitudinal  et  tangentiel)  sont  disponibles#  La  dlff.l- 
cult6  essonticlle  duns  le  dernier  cas  etant  la  determination  des  profils  circonf^rentiels 
de  temperatures  de  gaz  ct  surtout  dc  coefficients  convectifs  (simulation  des  sillages). 

Les  transferts  radiatifa  : 

Plusieurs  mod61ea  de  transferts  radiatlfs  sont  utilisublcs  auivant  l'6tat  d'avancement 
du  projet  : 

-  une  rorrnulation  monodimcnsionnelic  (2)  considcrant  les  cchungcu  entre  deux  corps 
grls  Bcml-infinis  s^pm'es  par  un  gaz  semi-transparent  et  iootherme  ; 

-  la  m^thocle  par  /ones  permettont  de  tenlr  compte  dt  .I’evolution  longitudlnale  dc  la 
temperature  du  gaz  h  l*lnt6rleur  du  canal  (3)  ; 
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-  la  methode  a  0  flux  qui  necessike  1 'utilisation  pr^alable  d'un  code  2D  ou  3D 
de  description  do  L'ecoulemcnt  a  I'lntericur  du  canal  de  maniere  &  connattrc 
le  champ  do  temperatures  et  de  concentrations  a  I'intorieur  do  celui-ci  (4). 

Cos  modcles  necessltent  la  connaissance  des  proprietos  raJiakives  du  gaz  de  corr.buotion 
qui  sont  calculeca  : 

-  soit  au  moycii  de  la  formule  empirique  de  Reeves  (2)  supposaiit  Ic  gaz  gris  ; 

-  soit  au  moycn  d'un  modele  de  type  larges  bandes  (module  d'Edwards)  (5)  ; 

-  soil  au  moyen  d'un  module  do  type  bandes  6troites  (6  ,  (7). 

Les  transferts  convectifs  : 

Lg  calcul  des  transferts  convectifs  k  la  parol,  sur  la  face  interne  de  la  chemise  de 
protection  thermique  neccsslte  I'utilisation  : 

-  de  la  temperature  des  gaz  au  voisinage  de  la  paroi ,  deduite  de  la  loi  rJ'efficacitS 
adlahatique  ; 

-  des  coefficients  d'echange. 

Malgrc  Ics  progres  importants  realises  ces  derniircs  arinees  dans  La  description  des 
ecoulements  reactifs  tridimeiisionncls,  ces  lois  de  comportement  demeurciit  essentlelle- 
ment  expcrimentalcs  et  sent  issues  des  essaid  sur  un  banc  partlel  de  rofroidissement 
ducrit  dans  La  suite  de  cct  article. 

Un  oxemple  de  calcul  do  temperature  de  paroi  d*un  canal  •^ndule  multiperforc  est  pr^sente 
sur  la  figure  9.  Co  calcul  montre  la  relative  homogeneity  longitudinale  des  parois  et 
cela  r.ialgre  I 'elevation  de  temperature  du  flux  principal  qui  passe  d’uno  valeur  de 
I'ordre  dc  1200  K  au  niveau  du  plan  des  accroche-flammes,  a  une  valeur  supSricurc  a 
2000  K  en  aortic  <ie  chemise. 

2  3,3  -  Les  es3al8_^au  banc_par^iel 

2.3. 3.1  -  But  des  esoais 

Des  recherches  technologiques  doivent  dtremiscscn  oeuvre  afin  de  mattriscr  lee 
techniques  nouvelles  avant  dc  les  appliqucr  sur  des  moteurs  dc  dlveloppement. 

Pour  mener  k  blen  ces  recherches,  on  est  eonUuit  k  rcaliser  des  essais  au  banc 
partiel,  d'unc  part  pour  nettre  au  point  et  optimiser  lea  concepts  technologi- 
ques  nouvoaux  et  d'autre  part  pour  acquerir  des  informations  oxp^rimentales 
qui  serviront  k  ajuster  les  lols  utiiisees  dans  lea  methodes  de  mod^lisation. 

La  SNCCHA  dispose  d'un  banc  partiel  de  refroidissement  pr§sentc  sur  la  figure  6 
et  sur  Icqucl  sont  esSayds  dans  des  conditions  representatives  de  temperature  et 
dc  vitcr.se  des  secteurs  de  chemise. 

La  veine  d'essai  est  dc  section  rectangolalre  male  le  dispositif  k  etudier  est 
itnplante  sur  une  tolc  ayant  une  courburc  pour  amcliorer  le  comportement  mecani- 
quG  cempte^tenu  des  gradients  de  temperature  eleves. 

Deux  alimentations  on  air  r^glablcs  separement  permettent  de  simuler  respecti'- 
vemont  lo  debit  principal  et  le  debit  entro  canal  et  chemise. 

Dans  le  flux  principal,  deux  types  dc  montages  sont  possibles  correspondent  ^ 
objcctifs  d'osoaia  diff6rents  * 

•*  dans  le  premier  cas,  l*obstacle  et  I'anncau  brOlour  ne  sont  pas  jfionles. 

La  prechambre  amont  assure  alors  une  alimentation  homog^ne  dans  la 
section  du  flux  principal.  Par  consequent,  I'aerodynamique  au  niveau  du 
systSme  de  refroidlsscment  est  bidimunsionnelle  ce  qui  permet  de  so 
romcner  dans  les  conditions  d’application  des  formulcs  semi-empiriques 
classiquGS  (2)  et  d'en  ajUBter  les  coefficients  ; 

"  clans  le  second  can,  la  presence  de  L'obstacle  et  dc  I'annoau  brQleur  en 
aval  dc  la  chambre  de  pr^chauffe  engendre  d' importantes  h6terogcneites 
de  temperature  de  flux  chaud.  L'etude  du  comportement  du  dispositif  de 
refroidisseiAcnt  cn  presence  d'un  uillage  peut  alors  5tre  realisee  et 
des  comparalsons  entre  differentes  varlantes  effectu^es. 

possibilites  de  nesure 

possibililcs  de  mesure  qui  sont  offertos  par  le  banc  de  refroidissement 
:  les  suivantes  : 


2. 3. 3.2 


Les 

soni 


m 
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-  Mesures 

Cellos-ci  peuvent  $tre  rcali&dos  par  prelevement  et  analyse  de  gaz,  soit  en 
utilisant  le  CO2  issu  de  la  combustion  commo  traceur  quantifiant  le  melange 
entre  le  flux  principal  et  I 'air  de  refroidisscmont,  soit  en  proccdant  a 
I’lnjection  dans  le  circuit  d’air  do  refroidisscment  d'un  gaz  inertc  tel 
que  I'Helium.  Un  exemple  de  courbe  experimentale  d'efficaclte  obtenue  sur 
une  plaque  simulant  plusicurs  ondulations  d'une  chemise  de  type  M53-P2  est 
presente  sur  la  figure  Cette  courbe  cxperimentale  met  clairement  en 
evidence  I'effet  de  cuntul  des  efficacltes  entre  les  vlroles  successives, 
ce  qui  peut  etre  restituc  par  le  calcul  par  une  fornula\,iOn  analytique  telle 
que  celle  qui  est  presentee  en  2.2. 

-  Mesurea  de^tem£4rature_de 

Plusieurs  techniques  peuvent  ^tre  employees  : 

•  les  thermocouples  qui  fourninsent  une  valour  precise  mais  ponctuclle 
dc  temperature.  11s  sont  surtout  employes  pour  r^aliser  des  recoupe- 
roenta  quantitatifs  entre  calcul  et  experience  ; 

•  la  peinture  thermosensible  qui  fournit  une  image  de  la  repartition 
de  temperature  sur  toute  la  plaque  ct  qui  rormet  done  d'estimer 
quaiitativement  l*homog6neit6  des  tempers iures  obtenuen  au  moyen 
d'un  dispositif  de  refroidissement.  La  figure  7  prdsente  par  exemple 
une  comparaison  des  dlspositifs  de  refroidissement  envisageables , met 
clairement  en  evidence  I’intdrSt  ties  chemises  ondul^es  multiperfo- 
recs  ; 

•  la  thermographic  infrarouge  :  le  schfema  du  montage  est  presente  sur 
la  figure  6.  La  thermographie  fournit  egalement  une  image  dc  la 
repartition  de  temperature  sur  toute  la  plaque  mais  permet  aussi^ 
d’une  part  de  realisor  plusieurs  conditions  de  fonctionnement 
durant  le  m6me  essai.  ce  qui  n'est  pas  le  cas  de  la  peinture  thermo- 
sensible,  ct  d’autr©  part  d'6tuciier  le  eomportement  du  refroidisse¬ 
ment  lors  d'un  r6gime  transitoire.  En  revanche,  elle  ne  fournit  des 
r^sultats  quantitatifs  qu'4  condition  que  les  carect^rlstiques 
d’emissivite  du  mat^riau  soient  blen  connucs  et  r.'6voluent  pas 
durant  I'essai.  Une  illustration  des  possibilitSs  de  visualisation 
offertes  par  la  thermographie  infrarouge  est  prfisent^e  sur  la 
figure  to. 


2.3.4  -  Los  £8sais_sup^moteur 

Les  cscais  de  validation  au  banc  partiel  sont  toujours  sulvis  par  des  essais  sur  des 
moteurs  de  developpement  qui  ont  pour  objectifs  ; 

-  de  vorifior  les  calculs  a^redynamiques  et  thermiques  sur  1 'ensemble  du  canal  ; 

~  de  compl6ter  1 'experience  acquisc  au  banc  partiel  concernant  1 ’aptitude  du 
refroidissement  h  attdnuer  lec  evcntuels  sillages  » 

-  de  s' assurer  du  eomportement  de  la  chemise  nisc  dans  dec  conditions  r^ellcs  de 
fonctionnement  (sensibility  aux  vibrations  de  combustion,  evolution  de  I'effica- 
cite  du  refroidissement  dans  le  temps  :  rlsques  d'encrassement)  ; 

-  de  simuler  un  fonctionnement  accidentel  de  la  chemise  (obturation  d’orificcs  de 
refroidissement) . 

Sur  la  figure  11  est  prysenty©  par  exemple,  unc  chemise  de  type  ondulcc  et  multiporforye 
qui  a  fait  I'objet  d'ossais  de  tenue  thermique  dans  lea  conditions  plein  gaz  PC  0/0. 


3  -  CONCLUSION 


L^js  recherches  technologiques  menyes  dans  lo  domaino  des  techniques  de  refroidissement  dec  foyers  de 
nchauffe  ont  permis  : 

-  d'ameliorer  I'efficacite  globale  du  refroidissement  ainai  que  d'homogynyiaer  les  temperatures 
de  paroi,  ce  qui  s’cat  traduit  par  I-'.  possibllLtc  d'utillsor  des  tenpyratures  d'entrye  et  de 
sortie  de  rechauffe  plus  yicvcef*  ; 

-  de  realiser  un  gain  en  masse  &  la  fois  sur  la  cheninc  et  sur  le  canal  qui  pout  naintenant  etre 
realise  en  titane. 

Khfin,  coy  rochcrchos  se  sont  accompagnees  dc  la  mise  au  point  de  methodes  de  calcul  amcliorant  la 
prociuion  des  dimensionnemonts  et  reduisant  de  ce  fait  les  temps  et  les  couts  de  developpement. 


& 
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eOURBI  D'lVOLUTION  DU  MMDMlNT  Dt  HBCHAUFFE 
■N  FOHCTION  DC  1.*  LOMaUBUII  DC  CCMM. 


FIGURE  4  :  EVOLUTION  DU  RENDEMENT  DE  COMBUSTION  LE  LONG  DU  CANAL 


FIGURE  6  ;  EVOLUTION  DES  EPPWACITCS 
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FIGURE  6  :  SCHEMA  D'UN  BANC  D'ETUDE  DU  REFROIDISSEMENT  PARIETAL 
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FIGURE  10  :  PLAQUE  MULTIPERFOREE  ONDULEE  MESURE  DE  THERMOGRAPHIE 
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SUMMARY 


An  account  is  given  of  the  experimental  technique  employed  in  measuring  heat  transfer 
coefficients  in  blade  cooling  passages.  A  hot  air  flow  is  suddenly  started  through  a  per¬ 
spex  model  of  the  blade  cooling  passage.  The  surface  temperature  of  the  model  is 
monitored  during  this  time  and  the  internal  heat  transfer  coefficient  deduced  from  this 
temperature  history.  Chin  and  thick  walled  models  are  employed  and  the  surface  tem¬ 
perature  measured  using  liquid  crystal  thermochromic  indicators.  The  analysis  for  the 
interpretation  of  the  experimental  results  is  given  together  with  the  experimental  pre¬ 
cautions  required  for  the  measurement.  The  use  of  liquid  crystals  in  this  form  of  tran¬ 
sient  experiment  is  discussed.  A  study  of  the  detailed  heat  transfer  distribution  around 
pedestals  and  other  heat  transfer  enhancement  devices  is  also  described.  These  devices 
are  tested  at  approximately  x  100  scale  in  order  to  obtain  the  required  detail  and  full 
scale  Reynolds  number  is  simulated. 

INTRODUCTION 


The  convective  heat  transfer  within  blade  cooling  passages  is  studied  at  Oxford  using 
a  transient  hot  flow  facility.  Large  scale  models  of  internal  cooling  geometries  ate  con¬ 
structed  from  a  thermal  Insulator,  such  as  perspex,  and  overall  maps  of  heat  transfer 
coefficient  are  obtained  by  employing  a  liquid  crystal  surface  temperature  Indicator.  In 
the  past,  phase  change  paints  were  used  successfully  by  Clifford,  Jones  and  Dunne t 1 1  for 
this  mear.ui  jment  in  complex  engi.ne  cooling  ducts  and  tlie  technique  has  been  refined  by  the 
present  auv.nors.  The  following  report  outlines  the  transient  technique  and  the  analysis 
used  and  then  gives  two  examples  of  heat  transfer  results  obtained.  The  first  case  is  for 
the  complicated  flow  in  a  representative  blade  trailing  edge  passage  where  the  effect  of 
rib  heat  transfer  promoters  is  studied.  The  second,  more  fundamental  study  deals  with  an 
isolated  heat  transfer  enhancer  in  the  form  of  a  pedestal  in  two-dimensional  channel  flow. 

THE  TRANSIENT  TECHNIQUE 

Transient  heat  transfer  techniques,  for  internal  flow,  depend  on  the  temperature  rise 
of  the  passage  wall  when  subjected  to  a  step  change  in  convective  heating.  If  an 
insulator  is  used  then  the  local  surface  temperature  rise  can  be  used  to  calculate  heat 
transfer  coefficients.  Models  with  thick  walls  may  be  employed  where  the  internal  surface 
temperature  is  monitored  or  thin  walled  models  where  it  Is  possible  to  use  cither  the 
Internal  or  external  surface  temperature.  A  thick  walled  model  is  defined  by  Schultz  and 
Jones [2]  as  a  test  piece  of  wall  thickness  greater  than  the  diffusion  length  l/iTt,  where  a 
is  the  model  thermal  diffuslvity  and  t  the  experimental  time.  For  this  form  of  duct  with 
a  small  surface  curvature,  the  insulator  can  be  treated  as  a  semi-infinite  substrate  and 
provided  that  the  thermal  properties  do  not  change  with  temperature  the  heat  transfer 
coefficient  is  related  to  the  non-dimensional  surface  temperature  rise  by: 

^wall  '^^initial  .  . 

gas  initial 

whore  Tinitial  Tqas  are  the  surface  wall  temperature  at  time  t,  the  initial 

wall  temperature  and  the  constant  gas  temperature  respectively  and 


h/t 

t 


where  h  is  the  heat  transfer  coefficient  and  p,  c  and  k  are  the  density,  specific  heat  and 
thermal  conductivity  of  the  wall. 

In  practice,  for  the  two  examples  reported,  a  numerical  solution  to  the  one- 
dimenaional  transient  conduction  equation  which  permits  variable  thermal  properties  and 
changing  gas  temperature  is  employed.  The  analysis  required  tor  thin  walled  models  with 
the  thermal  indicator  applied  to  the  external  surface  Is  more  complicated,  here  allowance 
is  made  for  heat  lost  from  the  external  surface  to  the  surroundings. 

Errors  in  hsat  transfer  coefficient  distribution  due  to  lateral  conduction  will  be 
unimportant  provided  that  the  second  derivative  of  heat  transfer  coefficient  with  respect 
to  distance 'along  the  surface  is  small  compared  to  the  value  of  the  heat  transfer 
coefficient  divided  by  the  square  of  the  thermal  diffusion  depth.  For  heat  transfer  dis¬ 
tributions  which  change  rapidly  with  distance  the  experimental  test  time  must  be  short  to 


ininimise  the  thei-raal  diffusion  length.  In  such  cases,  thick  wailed  models  are  more 
suitable  since  the  thermal  indicator  is  applied  to  the  region  of  the  wall  at  the  higliest 
temperature.  Run  tiacs  chosen  for  thin  walled  models,  on  the  other  hand,  must  be  suf¬ 
ficiently  long  to  allow  the  rear  wall  to  teach  a  raeasureable  chaiigu  in  temperature,  and  at 
tlic  same  time  short  enough  to  render  lateral  conduction  along  the  wall  unimportant. 

I'hermochromic  liquid  crystals  are  used  to  monitor  the  surface  temperature  and  each 
heat  transfer  test  recorded  on  video  tape.  Thus  the  time  taken  for  any  point  on  the  sur¬ 
face  to  reach  the  temperature  corresponding  to  a  particul-'r  liquid  crystal  colour  can  be 
found.  This  time,  together  with  the  initial  wall,  local  ga*;  and  liquid  crystal  Indication 
temperatures,  permits  an  overall  map  of  heat  transfer  coefficient  to  be  calculated. 

Liquid  crystal  which  is  applied  to  the  external  face  of  the  thin  walled  models  is 
supplied  dispersed  in  a  polymer  matrix  in  the  form  of  a  thin  grease.  A  very  thin  backing 
sheet  of  mylar  protects  the  indicator  from  chemical  contamination  and  also  enhances 
visibility.  Thick  walled  models  require  that  the  liquid  crystal  is  exposed  to  the  inter¬ 
nal  flov/.  The  saiae  sort  of  liquid  crystal  (a  chiral  nematic)  is  used  but  this  is  encap¬ 
sulated  in  gum  arable  spheres  of  about  10  um  diameter.  These  micro-capsules  are  screen 
printed  onto  the  surface  resulting  in  a  layer  one  capsule  thick.  The  response  of  such  a 
layer  to  variations  in  surface  temperature  is  extremely  rapid  and  the  authors  have  con¬ 
firmed  experimentally  that  the  resE^onse  time  is  more  than  adequate  for  the  tests  of 
ai^proximately  ten  seconds  duration  reported  here.  In  addition  the  accuracy  of  the  liquid 
crystal  indicator  was  monitored  over  a  series  of  tests  with  a  fast  response  thormocouEjle 
embedded  within  the  coating. 

APPLICATIONS  OP  THE  TECHNIQUE 

( a )  pib  Rouqliness  in  a  Trailing  Edge  Passage 

Tile  first  example  deals  with  the  highly  complicated  clow  in  a  seven  times  scale  model 
of  a  trailing  edge  blade  cooling  passage  using  rib  roughness  of  square  cross  section, 

-shown  schematically  In  Fig.  1.  A  thin  walled  perspex  model  was  used  with  liquid  crystal 
applied  to  the  outer  surface  for  experiments  with  a  rib  spacing  of  10  rib  heights.  The  ■ 
duct  was  instrumented  with  fast  response  chermocouples  sensing  the  gas  temperature  on  the 
duct  centre-line. 

The  velocity  and  temperature  profiles  of  the  flow  entering  the  model  .section  closely 
approximated  fully  levolonad  conditions.  Flow  within  the  model  duct  was  complicated  due 
to  the  mass  flow  leaving  from  bleed  holes  along  the  entire  length.  Thus  the  streamlines 

crossed  the  ribs  at  different  angles  as  the  ribs  were  perpendicular  to  the  centre-line  of 

the  duct. 

Tlie  heat  transfer  coefficient  variation  is  shown  in  Fig.  2  for  three  positions  In  the 
duct.  In  this  figure  it  can  be  seen  that  there  is  a  iJeriodic  variation  of  heat  transfer 
between  the  ribs  at  tlje  stations  shown.  Such  a  variation  has  previously  beer,  observed  by 

Sparrow  and  Taoll)  who  measured  mass  transfer  in  a  rectangular  duct  with  rod-like  rib 

roughness,  It  should  be  emphasised,  however,  that  the  geometry  of  the  duct  tested  is 
unique  so  that  tl-.e  relevance  to  previous  work  must  be  limited.  The  complex  nature  of  the 
flow  due  to  the  progressive  bleed  which  results  in  flow  at  an  angle  to  the  ribs  was 

examined  using  surface  flov;  visualisation.  The  flow  field  revealed  is  shown  in  Fir  .  3 

whore  it  can  be  seen  tliat  the  flow  separates  behind  the  ribs  and  reattaches  approximately 
half  way  between  the  ribs.  Due  to  the  cross  flow,  however,  the  secondary  flows  spiral 
downwards  in  tlte  direction  of  the  flow.  Is  is  of  interest  to  note  that  the  peak  in  heat 

transfer  coefficient  was  found  to  be  situar.ed  ahead  of  the  reattachment  [joint. 

(b)  Isolated  Pedestal  Meat  Transfer 


The  second  examisle  concerns  a  detailed  heat  transfer  study  of  an  isolated  pedestal 
situated  in  channel  flow.  A  thick  walled  idealised  model  at  one  hundred  times  full  engine 
size  v/as  constructed  from  [jcrspex  and  encaiJsulated  liquid  crystal  applied  both  to  the 
internal  ijassage  v/aVl  .and  over  the  cylinder  itself.  The  progression  of  the  liquid  crystal 
colour  change  lane  with  tunc  from  the  start  of  the  exi.eriinent  is  shown  in  Fig.  4  vdicre  the 
clarity  with  which  this  m,ay  be  observed  is  evident.  Velocity  and  temEJerature  EJrofLi.es 
immediately  lupstrcam  of  the  cylinder  are  shovm  in  Fig.  5.  Heat  transfer  coefficients 
based  on  tlic  duct  centre-line  tem|jerature  Lrainediately  UEJstream  of  the  cylinder  and 
obtained  using  the  analysis  previously  de.scribed  are  givun  in  Figs.  6  and  7.  Fig.  6 
clearly  sliowts  the  effect  of  the  intense  enhancement  of  heat  transfer  caused  by  tlje  horse¬ 
shoe  vortex  on  the  side  wall.  The  maximum  heat  transfer  coefficient  due  to  the  vortex  is 
seen  to  be  over  tun  times  that  of  the  rectangular  duct  in  the  absence  of  the  cylinder.  In 
addition,  two  regions  of  liigh  heat  transfer  occur  behind  tlie  cylinder  at  approximately  one 
diaiiiet.er  from  the  centre.  Fig.  7  shows  clearly  the  decrease  in  heat  transfer  on  the  cylin¬ 
der  away  from  the  duct  centre-line.  This  effect  was  observed  by  Sijarrov;,  Stahl  and  Traub 
HI  (for  a  cylinder  on  a  flat  plate)  using  the  mass  diffusion  analogy  for  a  napthalene 
coated  cylinder. 

Flow  vi.sualisation  using  smoke  showed  the  essential  teatures  of  tlie  horseshoe  vortex 
and  the  flow  field  is  sketched  In  Fig-  3.  Tl>e  extent  of  the  vortex  found  is  indicated  in 
the  heat  transfer  result  rn  Fig.  7. 

C0N(J1jU.S10NS 


The  transient  technique  using  liquid  crystals  as  a  surface  temperature  Indicator  has 
proved  to  be  very  successful.  In  particular  the  degree  of  spatial  resolution  over  large 
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arcan  confitms  tlie  impoiM.ance  o£  the  method  Cor  internal  l*»oat  transfer  measurements. 
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RESUME 


L'^tablisseBent  par  daa  tachnlqueft  pyroBfttrlquaa  de  la  cartograpbla  dea 
tasp^raturea  de  surface  dea  aubea  aobllcs  d'une  turbine  refroldle»  a  nSceasitb  la 
alee  au  point  d'un  pyroB^tre  Infrarouge  I  grande  risolutlon  apatiale  et 
teaporelle.  TjrplqueBent»  1«  teapa  de  rbponae  de  cet  apparell  doit  €tre  Infbrleur 
h  la  nlcro-seconde.  L*utilleatlon  d*uA  dgtecteur  d  l*wrafinlure  d' indium  refroldi 
^  *40^  peraet  d^obtenir  cette  caract^riatlque  et»  coapte  tenu  de  aa  tr^a  bonne 
detectlvit^i'  le^^eull  de  temperature  detectable  eat  d*envircn  4S0*C  pour  un 
pouvolr  de  rfaolution  I  la  aurface  de  l*aube  de  2  aa^/. 

Lea  vlaSea  pyroaitrlquee  aont  effectu^ea  par  endoacople*  sulvant  une 
optiqiie  de  renvoi  aonc^e  done  un  tube  refroldi,  la  aonde  (cant  plac(e  entre  la 
roue  fixe  «c  la  roue  mobile,  ou  derrKre  e«lle*ci4  Elle  a  (tudKe  de  nanKre 
(  supporter  lea  conditions  de  temperature  et  presalon  regnant  dana  la  velne  ct  a 
subi  aans  dosaage  20  bare  et  2100  K. 

L'utlllaatlon  de  ce  pyroa(cre  aur  la  turbine  expbriBentale  etudiee 
8p(claleaent  pour  qualifier  lea  nouvellea  techniques  de  ref roldl^aement  dea 
aubea,  a  0)ontr(  que  la  pyroaetrle  pr^aentc  quelques  dlfflcult^a  IKes, 

d*une  part  au  coefflui^enc  de  reflexion  non  nul  dea  aubea  ((miaalvlt(  inf(rleure 

i  1), 

-  d'autre  part  au  rayonnectent  propre  dee  gaz^ 

Cea  dlfflcultia  ont  bc(  analys(es  et  dea  aolutions  ont  (Cl 
proposles  i  notatmenc  un  programme  de  correction  dea  templraturea  tenant  coapte 
dee  rlflexloua  autuellca  entre  aubea  «  Itl  ala  au  point* 


AN  OPTICAL  PYROMETER  TO  MEASURE  TURBINE  BLADE  SURFACE  TEMPERATURE 

The  developaent  of  a  cooled  infrared  pyroaetrlc  probe »  with  a  high 
spatial  and  temporal  resolving  pover,  Bsdi  it  possible  Co  establish  by  pyrometrlc 
methods  aurface  temperature  charta  of  the  mobile  blades  of  a  turbine*  The  use  of 
a  aensor  with  a  I  eec  time  constant  yields  a  resulting  power  on  the  blade  '’surface 
of  the  order  of  2  na^ .  This  sensor  Is  cooled  at  '40^C,  which  ensures  a  good 
detectivity  snd  temperature  measurements  above  450*C* 

A  water  cooled  <fletalllc  tube,  ending  by  a  right  angle  deflecting  pilsB, 
makes  up  the  Light  guide  of  the  pyrometer  and  can  be  Inserted  between  the  various 
turbine  stages*  The  probe  hs  been  designed  to  withstand  the  pleasure  and  teupe^ 
rature  conditions  prevailing  In  the  turbine  blade  teat  section,  and  was  subjected 
without  damage  to  20  bar  and  2100  K-« 

The  use  of  this  pyrometer  with  the  experimental  turbine  speciplly 
designed  for  qualifying  new  blade  cooling  aethoda  has  shown  that  pyromotry 
Involves  difficulties  connected  to  : 
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-  the  non- zero  blade  reflection  coefficient  (enisslvlty  lower  than  1), 

“  the  gas  radiation  due  to  the  gases* 

The  above  difficulties  have  been  analysed  and  solutions  have  been 
proposed  ;  In  particular  a  correcting  program  for  the  temperatures  iiaa  been 
perfected  whih  takes  into  account  the  blade  to  blade  mutual  reflections. 
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1.  INTRODUCTION 


Un  effort  dc  rccherchc  important  est  actuelleQeiit  consent!  pour  porter  le  fonctlonnenent  des 
turbines  do  ri>“borf‘-ic.toiirR  d  des  temperatures  et  des  presslons  do  plus  en  plus  elcvees*  11  en  r^sulte  un 
uccrolssement  des  flux  de  chalei  r  qui  rend  lea  aubes  plus  senslblcs  aux  problcocs  de  fatigue  et  Icur 
tenuo  cst  davantage  fonction  des  temperatures  locales  que  des  temperatures  moyennes.  Cela  a  entratne  une 
diversification  des  techniques  de  ref roidlsseDent »  en  aaillorant  la  convection  d'ahord,  cn  ayant  recours 
u  la  protection  par  flln  gazeux  cnsulte.  Le  rdle  dc  I'environnement  moteur  devlent  alors  important,  Ics 
h^tcrogcn^ltes  de  pressions  ot  de  tempdraturcs,  le  niveau  dc  turbulence,  les  sillages  ot  la  centri- 
fvigation  pouvant  modifier  coefficients  d'6change  et  les  efficaclt^s  de  filn.  C'est  cc  qui  a  conduit 
I'ONLRA  h  developper  une  instrumentation  de  mesurc,  et  partlculi^reoGnt  la  nesure  des  temperatures  de 
surface  des  aubes  mobiles  par  pyroa^trle  Infrarouge,  adapt^e  aux  essais  sur  machines  industriclles, 
princlpalement  sur  la  turbine  MINOS  (Montage  Inter  Onera  Sneema  install^  au  CEPr  A  Saclay)  6tudl6c 
speclaLunent  pour  qualifier  les  tiouvclles  techniques  de  refroldlsseBent  des  aubes  (l-2-3)t 

La  raesure,  ^  l*aide  de  thermocouples,  des  temperatures  locales  d’aubes  mobiles  est  souvent  utl- 
lls4e  sur  bancs  lndustriels<  Pour  obtenlr  des  renseignements  precis  sur  le  comporteucnl  d*une  aube,  11 
convlent  dc  disposer  d'un  grand  nombre  de  thermccouples  et  la  transmission  des  slgnaux  fournis  par  les 
thermocouples  est  un  probldmc  complexe  et  delicat* 

Sur  le  banc  MINOS,  la  possibility  d'effectuer  de  telles  mesures  a  ete  prevue* 

Cependant  cettc  technique  apparatt  insufflsante  pour  etablir  la  carte  detalllce  des  terap6- 
raLures  dc  surface  d*aubes  qui  est  sjuhaltable  pour  toute  v§rlflcation  experlmentale  des  mlthodes  de 
calcul • 


L'utillsatlon  d'un  pyrom^tre  optlque,  teS.ycomoandy ,  A  tr^s  court  temps  de  reponse  et  a  pouvolr 
de  resolution  spatialc  a  la  surface  de  I'aube  de  I'ordre  du  mm^  constltue  une  solution  a  ce  probldme* 

Une  rcpr4aentatlon  detallLoe  du  pyrom^tre,  d6veloppb  par  I'ONERA  dans  le  cadre  du  projec  MINOS 
a  Gty  faito  dans  (4)«  Nous  allons  Icl  rappeler  ses  prlnclpales  caractyrlstlques  et  discuter  des  probl^roes 
que  soulevo  ce  type  de  mesure. 

2-  t*RINCIPE  DR  LA  MRSURH  PYROMETRIQUE  RT  DESCRIPTION  DU  PYROMETRE 


Un  tube  outalllque,  termlno  d  son  extremity  par  une  prlsme  de  renvoi  I  90*  placl  devant  unc 
ouveriuro  clrculalre,  constltue  le  tube  de  vls^e  du  pyrom^tre  et  se  coaporte  2  la  manl2re  d'une  sonde  que 
I'on  ploiigc  dans  les  gaz  chauds  «t  qui  capee  le  rayonnesenc  Infrarougc  6tals  par  un  petit  yiyment  de 
surface  des  aubes  qtjl  dyfllent  devant  elie  (figure  l)»  La  tempirature  cst  d^dulte,  apr^s  ytalonnagc 
prbalable,  dc  la  taeaurc  dc  1* intensity  du  rayonnement  pr^levy* 

Le  dlsposltif  est  refroidl  par  circulation  d'eau,  et  un  courant  d'oir  frala  ou  d'azote  clrcule 
dons  le  Cube  pour  4vlter  les  effete  d'absorptlon  des  gaz»  eC  protege  I'opclquc  d'entrbe  de  toute 
salissure< 


La  sonde  a  yc^  etudiye  de  mnnlire  2  supporter  lea  conditions  de  cempyrature  ct  presslon  regnant 

dans  la  veine  d'essai  d'aubes  de  turbine,  et  a  subl  sans  dommage  20  bars  et  2100  K*  D'un  dlamltre 

de  16  ana,  elle  peut  Itre  placye  entre  les  dlfferents  ytages  de  la  turbine* 

Sur  MINOS  on  a  plac^  2  pyrometres,  I'un  en  amont  et  I'autre  en  aval  de  la  roue  mobile,  de 
manlere  2  effectucr  une  cartographic  la  plus  coopiyte  possible  de  la  tempyraturc  sur  les  aubes.  Pour  cela 
2  deplacencnts  dc  olse  en  position  des  sondes  peuvent  etre  exycutys  et  commandys  2  distance  : 

-  un  mouvement  axial  par  vyrin  pneumatique  peimttant  le  dlplacement  du  point  vlsy  Ic  long  d'une  g6ne- 

catrlcu  d'une  aube,  et  le  reCralt  de  la  ^onde  hors  du  courant  de  gaz  chauds  ;  ce  retralt  pent 

a'cffcctucr  tr^s  rapldetnent  en  ens  d'yehauf f ement  anotmal  de  la  sonde  dytecty  par  un  thermocouple  place 
2  son  excremite  ; 

"  un  mouvement  de  rotation  autour  de  I'axe  de  la  sonde,  assurS  par  un  moteur  pas  2  pas  ev  peraettant 
I'orientatlon  de  la  sonde  dc  maniyro  2  obtenlr  un  angle  d'lncidence  sur  I'aube  comprls  entr<>  45  et  90* « 
Cg  mouvement  peut  ygalement  assurer  une  fonction  de  balayage  rycllque  dans  le  cas  de  mesures  sur  une 
aube  ou  unc  maqueCte  fixe* 


Un  tube  supporCant  I'optlque  (figure  2)  coulisse  dans  la  sonde  refroidle,  ce  qui  permet  la  alse 
au  point  a  ouvecture  constante*  Cette  optlque  en  verre  fait  2  la  fols  usage  de  flltre  (elle  ne  lalsse 
p9^sGr  quo  le  rayonnement  Infyrleur  2  2,5^m)  et  peraet  la  focallsation  de  I'ynergle  sur  la  surface 
aei  alble  du  dytecCeur.  On  coupe  le  rayonneownt  au-del2  de  pour  evlter  I'ymlsslon  et  I'absorptlon 
dc6  gaz,  notamment  de  la  vapour  d'eau  et  du  gaz  csrbonlque.  Importance  pour  cea  longueurs  d'onde. 


La  surface  sensible  du  dytecteur  est  de  2  taa^  environ  ct 
grandlsscnent  de  1  dc  telle  sorte  que  la  rysolution  spatlale  est,  cllc 


la  focallsation 
au::''-i,  de  2  aon^ . 


se  faH  avec  un 


Compte  cenu  de  la  vltesoe  de  rotation  de  la  turbine  <150  a  200  tours  par  seconde)  pour  que 
cette  resolution  nc  salt  pas  affectee  par  I'effct  de  dyfilement,  la  constante  de  temps  du  dytecteur  doit 
ctre  dc  I'ordre  de  1  .  On  utilise  un  detecteur  2  I'arsyniure  d' indium  qui  a  cettc  caractyrlstlque. 
L'electronlque  nssociye  dolt  prysenter  la  mync  bands  passante. 
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Ce  d^lectour  et»t  refroldi  ^  -40^C  ce  qul  lui  assure  uno  trds  bonne  detectivity  ;  le  ninlmua  de 
tonpyrature  detectable  eat  Inferieur  d  450*C.  Lc  pyromdtre  n'etant  pas  accessible  durant  le 
f unctlonnenent  de  la  machine^  on  a  adopts  un  ref roidissement  thernollcctrlque  du  d^tecteur  (effet 
Peltier)  qul  supprltne  la  recharge  freqnente  en  fluide  de  ref roldlssenent • 

t'enseable  du  dytecteur-^pryampLlf Icateut  ne  passe  paa  le  conLlnu  gc  11  est  nycessalre  dc 
recaler  pyrlodiqueaent  le  riro  en  coupant  le  flux  infrarouge  incident  par  un  ccran  tournant*  Cette 
tDodulation  s'effectne  d  basse  frequence  et  nous  verrona  que  le  prinelpe  du  d^poulllenent  nycesslte  son 
synchronlsiae  avec  ia  vitesse  de  rotation  dc  ia  turbine.  On  cholslt  de  cooper  la  reesurc  1  sur  2  soit  a 
70  Hz  environ. 

Tout  cet  ensemble  est  monte  dans  un  boitier  pariilx«.Ueplpydlque  de  dimensions  (LdO  x  170x450) 
qul  peut  se  fixer  sur  un  bossage  de  la  omchine.  L'aspect  du  pyrombere,  place  sur  u.i  montage  simulant  Les 
roues  fixe  et  stoblle  d^uhe  turbine,  est  pr4senty  sur  la  3. 

3.  RESTITUTION  DES  TKHPERATURES  DE  LUMINANCE  A  LA  SURFACE  DES  AUBES 

Le  d^pouillement  s'effectuc  en  diff^ri  aprds  acquisition  dcs  slgnaux  pyroabtrlques.  Ces  signaux 
pr6Gentent  unc  double  p4riodlctt4  : 

*  periodicite  haute  frequence  due  au  passage  des  aubea, 

-  periodicite  basse  frequence  due  d  I* interruption  des  mestires  un  tour  sur  deux. 
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Deux  techniques  d*acquialtlon  ont  succcssiveaent  4t0  utill84es.  Pour  la  prenibre,  un 
Gurcglstreur  magn4tlque  d  large  bande  passante  (500  kHz)  a  et4  utilise.  La  reatitutlon  des  slgnaux  pour 
le  traitemenc  numyrlque  sur  mini  ordlnateur  HPIOOO  s*cffectue  d  one  vltesse  de  lecture  16  fols  plus 
lente . 


L' inconv6nieut  de  I'eureglstrement  sur  magnytique  est  de  dytyrlorer  beaucoup  le  rapport  signal 
sur  bruit.  Pour  le  restltuer  un  tralteaxsnt  numyrlque  dit  "moyennage*'  est  necessaire. 

11  conslste  d  effectucr  un  grand  nombre  de  fols  Ice  mimes  mesures  correspondant  aux  mimes 
points  vises  sur  Vaube.  Cc  nombre  nlcessalre  est  environ  200.  Le  bruit  est  alors  attlnuy  dans  lc  rapport 
200*  Ce  traltemcnt  suppose  : 

-  que  le  champ  des  temperature  est  stationnalre  pendant  400  tours, 

'  et  qu^ll  est  possible  de  nunyrtser  a  ebaque  fols  les  mesures  correspondant  aux  memos  points  d  la 
surface  des  cubes. 

Cette  derniere  condition  peut  Itre  reoplle  grice  I  l*enreglstrement  sur  le  magnytlque  d'un  Lop 
par  tour  dlUvry  par  un  capteur  magnecique  dont  l*un  des  ergots  est  sur  le  rotor  et  I'autre  sur  le 
stator.  Ce  top  par  tour  penaet  en  outre  la  synchronisation  de  la  modulation  d  la  viteast  de  la  turbine  et 
aussl  le  repyrage  des  aubes  et  des  points  visls  sur  I'aube. 

La  figure  4  donne  vm  oaclllogramne  reprysentant  le  champ  des  luminances  au  bord  de  fuite  dc 
quclques  aubee  successlves  de  la  turbine  MINOS,  et  dans  la  partle  supyrleure  le  top  de  synchronisation 
dyUvrl  I  cheque  tour  de  roue. 

la  scconde  chatne  d* acquisition  est  constitu6e  par  l*assoclBtlon  d'un  oscilloscope  numltique 
NICOLRT  "Explorer  111"  et  d’un  ordlnateur  de  bureau  HP9845*  Les  deux  convertlsseurs  anologique-numyrlquc 
rapldes  du  NICOLET  (un  pour  ebaque  pyrumltre)  permettent  de  numyriser  lec  slgnaux  d  une  cadence 
Inflrieure  ou  ygale  a  2.10^  par  seconds.  Ce  sont  des  convertlsseurs  de  12  bits  dont  la  prydainn  de 
convorslon  est  done  de  2,5.10'’^  ^  plelne  echelle*  Les  mesures  alnsl  numyrlsyes  (4096  points  au 

maximum)  sont  ensulle  stocklcs  sur  une  nymofre  tampon  et  peuvent,  soit  etre  vlsuallsyes  sur  I’lcran 
cathodique  de  I'cscilloscope,  soit  transflryes  sur  le  minlordlnateur  grRce  4  une  liaison  rapide  (16  bits 
paralldleH)  et  stockbes  sur  cassettes.  L'avantage  de  cette  dernilre  technique  d' acquisition  est  de  ne  pas 
detyriorer  le  rapport  signal  sur  bruit.  Dans  la  plupart  des  cas  11  n'est  plus  necessaire  d’effectuer  le 
traltement  de  '’noyennage” .  II  est  cependant  toujouri-  possible  d'effoctuer  un  tel  traltenent  grScc  a  une 
acquisition  en  slquence  pilotye  par  le  top  par  taux,  dans  le  ess  de  tempbratures  particulilrenent  basses 
par  example. 

A  la  suite  de  i’acquisltion,  I’utllisatlon  du  mlni^ordlnateur  dans  lequel  ont  btb  inttodultes 
d'une  part  les  courbes  d'etalonnage  des  pytoaltres,  et  d'autre  part  les  caractyrlstiques  gbomytrlques  dc 
la  roue  et  des  vlsyes  pyromytrlques  (notamnent  tea  angles  de  visbe  dont  le  cepbrage  doit  Itre  assez 
pryds)  permet  de  tracer  la  cartograpble  dcs  tempyratures  k  la  surface  des  aubes. 

Cette  restitution  du  champ  des  tempytatures  de  luminance  eat  le  plus  couramment  effectuye  I  un 
rayon  donn&.  Pour  In  roue  de  turbine  MINOS,  etle  neceasite  quntre  series  dc  mesures  correspondant  I  : 

-  3  angles  de  vlsbe  diflbrents  (+4*,  ■♦•52*,  -44*)  pour  le  pyromltre  amont, 

-  1  angle  dc  visye  (+30*)  pour  le  pyromitre  aval. 

Dans  ces  conditions,  seule  une  btroite  zone  sltube  au  milieu  de  I'extrudoa  bchappe  d  I'analyee 
pyrombtrique,  mals  Li  est  souvent  possible  de  compibter  le  prof 11  de  tempbrnture  pur  interpolation  entre 
les  mesures  voisines. 

Ces  mesures,  prealableuent  numbrisyes,  sont  ntockyes  sur  une  hande  nagnytlque  nunerique  ct  le 
programme  permet  lo  recherche  automatlqvie  de  cbacune  de  ces  syries  de  mesures  pour  des  oubes  parf altencnt 
dyfinles  sur  la  roue. 


r 


U.  CORRKCtl'^N’  »ES  KFFKTS  [)’L-MlSSlVn>: 

!'oiir  cetnonter  a  la  temperature  wrale  a  partlr  d'ltnc  mesure  pyrciQ6trique,  II  faut  connattre 
1 ' emlasivltc  do  la  surfc'icc  vlsco.  Sur  le  montage  MINOS  l*^mia3lvlte  des  aubes  a  nti  dctcnTtiii6e  n  la  fois 
Piir  dos  rae»ure»  eit  laboratoli'u  avant  et  aprds  essal  nt  “in  situ”  par  la  comparalson  des  mesures 
pyrom&trlqijcs  et  des  mesnres  offectuces  ^  I'alde  de  thermocouples* 

Deux  cas  ont  cto  examines.  Pour  Ic  premier^  io  traltemcnt  dc  surface  des  aubes  dit  do  chrome^ 
aluminisat lot!  a  6tc  supprlne  ;  les  aubes  sont  alors  tres  nolres  et  L'eraisslvltS  tros  clcv^e.  L'aocord 
entre  les  mosures  pyrnmetrlques  et  themocouplca  est  excellent  cotnrao  Ic  montre  la  figure  3. 

Uorsque  le  traltemcnt  dc  surface  est  effectue*  dos  mesures  d'cmisslvlt^  en  laboratolic  dounent 
0,65  a  0,73.  La  conparaison  des  mesures  pyrom^tre  et  thermocouples  sur  unc  aube  an  herd  dc  fuite  extrados 
presentco  sur  la  figure  6,  montro  un  assez  bon  accord  dc  1  ^cmlsslvite  ainsl  d^termJnee  avec  la  a>esiiie  en 
laboratotro,  au  votslnagc  innn6dlst  du  bord  dc  fulte,  mals  3*en  6carte  sensiblement  lorsque  I'on  p6netrc 
plus  profonderaout  H  l'int6rleuv  de  la  cavitS  constitu6e  par  deux  aubes  successlves. 

Cod  peut  s'oxpllquer  par  le  rayonnement  mutuol  entre  aubes  adjacentes.  En  effet,  le  pyrometre 
prcldvc  non  seulcmont  Ic  r.-iyoime.iicnt  cmls  par  un  petit  Element  dc  surface  dc  I'aubc  visec,  mals  aussl  le 
rnyonnereent  prouenant  de  I'aube  volslne  qul,  si  l'6misslvite  est  dlffcrcnte  do  1,  se  refl&chit  sur  I'aube 
visee  et  plnetrc  dans  le  pyromStre  (figure  7). 

Pour  tenir  coruple  do  cet  effet  dc  rayonnement  mntucl  un  programine  dc  caicul  a  ct6  ctabll  aCln 
de  corriger  Ics  temperatures  inesurees*  On  effectue  le  caicul  dans  le  cadre  de  1 ' approximation  bldlmen- 
sionnellc.  Cela  suppose,  non  soulemcnt  que  la  g6o[D£trie  de  la  cavite  est  bldimcnsionneile,  e'est-h-dire 
que  cliaquo  element  de  surface  a  une  g&noratrlce  parall^le  a  uno  direction  fixe,  chnque  element  de  surface 
ayant  une  longueur  Inflnle,  mats  aussl  que  chaquo  element  de  surface  est  isothcrmc.  Les  indications  des 
pyrometres  pour  le  rayon  consld^r6  sont  done  ctenduos  h  cou^  les  rayons* 

On  admet  quo  la  reflexion  est  pureneut  diffuse  c* cst-^‘'dirc  quo  la  r&lmission  s'cffcctuc  scion 
la  lot  de  Lambert.  Cela  permet  d'effectuer  le  caicul  par  la  m&thode  simple  de  Poljack  (5)*  Si  I'on 
ddeoupe  In  cavite  Inter'-aubcs  en  K^Sl^ments,  la  luminance  relovee  par  le  pyrom^tre  vJsant  1 'element  K 
(on  parlc  alors  de  radlosit6)  est  donnSe  par  : 

R  (K|  =  6k.  L(T^.)  S  R  ^r)  Fr,K 

n  C  ^  ^ 

av€c  u<  ■  ^  coefficient  de  reflexion. 

€  K  I'6tnl5,islvlt4  et  L(Tk)  la  luminance  li  la  temperature  Tk  de  I'&l&oont  K.  On  volt  que 

cette  fornule  permet  de  calculer  L(Tk)  i  partir  de  I'cnsenble  des  mesures  R(k)  d  condition  de  determiner 
au  pr^alable  les  couf f Lcients  d' Influence  entre  les  6l6mcnts  de  surface  Pr^K  tenant  compte  que  les 
r6flcxlon8  se  font  de  fa^on  Isocropc  dans  les  troLs  dimensions.  On  Llent  conptc  scb^matlqucmenc  du 
rayoiiroQont  no  provenant  pas  des  aubes  mobiles  (rayonnement  du  fond  de  chambre,  dlstrlbuteur,  etc.**)  en 
supposant  que  le^:>  surfaces  fictives  reliant  d*tine  part  les  deux  bords  d'attuque  et  d'autre  part  les  deux 
bords  de  fulte  rayonnent  coooe  des  corps  noire  a  des  temperatures  qui  peuvent  ^tre  deterDln4es  en  vlsant 
entre  deux  aubes  successlves.  Cos  temperatures  sont  g6nernlcmcnt  asses  faltlos. 

Afln  de  verifier  que  la  reflexion  est  blen  diffuse  et  non  sp§culalre  ou  nlxte  on  a  compare  les 
rcsultats  de  nesurcs  d  un  rayon  donne  cffectuecs  par  Ic  pyroodtre  amont  et  par  le  pyron^tre  aval  pour 
dlff^rcncs  argl^^s  de  vlscc  (figure  8).  On  volt  que  les  diff§rents  profils  se  superposent  assez  bien  mals 
on  note  la  dliflcultc  qu'll  y  a  d  raccorder  les  profils  obtenus  par  les  deux  pyromdtres*  L* ind6pendrnce 

de  la  mesurc  vis-d-vls  dc  I'angle  dc  vls6c  denontre  que  la  reflexion  aur  les  aubes  est  isotrope  ct  done 

totalement  diffuse. 

La  figure  9  pr6sente  un  resultat  de  caicul  de  correction  tenant  compte  du  rayonnement  mutuel 
entre  aubes  ct  la  comparalson  du  prof  11  des  temperatures  ainsl  obtenu  avec  celui  donne  par  la  simple 
correction  d*6ml8slvit4.  La  correction  la  plus  compldtc  a  pour  effet  de  creuscr  davantage  le  profll  dc 
temperature  au  milieu  des  intrados  ct  extrados  et  de  permettre  de  raccorder  les  mesures  pyroa6triques 
amont  ct  aval. 

L* iraportatice  de  cea  corrections  depend  blcn  entendu  des  ecarts  de  tenp&raturc  entre  les 

intrados  et  extrados  des  deux  aubes  volslnes  deflnlssant  le  canal  Interaubea  con8ld6r6  et  aussl  du  niveau 
de  l'6misslvite  de  la  surface  des  aubes. 

Dans  les  conditions  d'cssals  MINOS  les  corrections  ^  apportcr  en  certains  points  des  aubes 

peuvent  attcln(tr<!;  '  '  ^  40  K,  ce  qu^  eat  appreciable^  et  elles  devlennent  alors  necessaires  pour  permettre 
unc  etude  quantf'  \  ]'6quillbrc  tbermlque  des  aubes  exp6rlment5c9 . 

3.  INFLUKNCE  DE  I/'„■^1SS10N  DES  GAZ 

La  correction  de  rl^flexlons  mutuelles  entre  aubes  donne  satisfaction  tant  que  la  temperature 
des  gaz  n'est  paa  Lrop  61ev§e  (900*C  pour  les  premieres  carepagnes  MINOS),  Ic  rayonnement  propre  des  gaz 
I'lntcrleur  de  la  c.2vlt6  pouvant  alors  ctre  n8gllg6»  Les  difflcult§8  renconir6cs  lors  de  la  campagne 
MINOS  1500  (temperature  des  paz  egale  3  1300*C)  ont  conduit  5  mettre  en  oeuvre  une  experience  pt  ur 
quantifier  cette  perturbation,  l'6valuntlott  par  le  caicul  sc  r4vdlant  Crop  Imprecise. 
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Unc  a^qu«ttc  grosfli^remcnt  profll6c  cst  |>long6c  dans  uii  ccoulement  dc  ga^  chftnds.  C«tte 
maqucttc  cat  crcusc  ot  pcuc  etr«  rcfroLdlc  par  une  circulation  d*air  frais.  Sur  I'axc  dc  syn6trlc  de 
I ' unc  dos  faces  latcrales  on  n  plac^  une  s^rie  do  4  thensocouplee*  Inexperience  consiste  ^  vLscr  succes* 
alvorecnt»  au  cours  d'un  tnemc  essai  caract6rlse  par  une  temperature  dea  gaz  Tg|  cette  oaquette,  pula  une 
maqiiettG  identique  mats  violonent  rcfroldlc  par  unc  circulation  d'eau  ct  plac^e  derridre  la  prcaiere 
(figure  10).  On  prend  soin  do  placer  le  pyrometre  h  ^gale  distance  des  deux  raaquettes  de  telle  sorte  que 
I ' C'palsscur  de  gaz  traversee  solt  Identlque  cc  on  admet  l*homog^nclt£:  en  teop^rature  des  gaz.  Sur  la 
maqviette  chaude  le  pyrometre  vise  au  niveuu  d*un  thenaocouple  dont  la  temperature  cst  relev^e  (signal 
pyrom6trlqtic  equivalent  S^).  On  admet  que  t.-i  naquette  frolde  eat  sufflaattfiient  rcfroldlc  pour  que  son 
rayonnement  solt  n^gligcahlc'  Ddis  cea  condltlonfl  le  signal  pyromfitrlquc  (S3)  donne  la  temperature  de 
luminance  de  la  couche  des  gaz.  La  figure  11  permet  de  comparer^  en  fonctlon  de  la  tcmpSratcre  des 
gaz  Tg,  la  temperature  pyrom^trlque  comptc  tenu  de  la  correction  d'^mlasivltS  (signal  $2/^  )  ct  la 
temperature  thermocouple*  Pour  lea  temperatures  de  gaz  41ev4ea»  I'^cart  encre  ces  deux  temperatures  peut 
depasser  200^*  Cet  icart  eat  par  contre  lnf4rleur  It  30*  pour  les  tempgraturea  dc  gaz  en  deaeoug  de  900*C. 
Pour  corrlger  les  temperatures  pyroa^trlquea  11  atifflt  de  reoplacer  le  signal  par  (5i*S0/F  •  Dans 
ces  conditions  l*accord  entte  Msures  pyroraStrlques  ct  thermocouple  eat  tr^s  bon  quelque  aoLt  la  tempe'^ 
rature  dos  gaz  (ecart  maximum  12*).  Cepondant  le  princlpe  de  cette  correction,  qul  n^ccsslte  de  pouvolr 
vlser  une  surface  vlolemment  rofroldle,  h*cst  pas  toujours  possible.  11  est  alors  nfecessaire  de  limiter 
au  maximum  la  perturbation  apportee  par  lea  gaz,  d'une  part  en  se  rapprochant  au  plus  prda  de  la  surface 
dont  on  veut  relcver  la  temperature,  d'autre  part  en  flltrant  le  rayonnement  done  on  salt  que  pour  les 
gnz  11  est  constltue  de  bandes,  csaentlellonent  celles  de  la  vapeur  d'eau  ct  du  gaz  carbonlque.  La 
figvire  12  montre  un  spectre  obtonu  sur  une  flamnc  de  foyer  dlt  “honog^ne"  h  la  temperature  d'envlron 
2100  K. 


L'optlque  cn  verre  du  pyromdtre  permet  d^j^  de  couper  le  rayonnement  nu^dessus  de  2,5  uni  ct  ne 
subslsteut  done  quo  les  bandes  les  plug  falbtes*  On  vlent  de  voir  qu'd  haute  temperature  celd  n'est  paa 
suffisant.  Aussi  on  a  pcna6  ntillser  uii  flltre  lnterf)erentlel  pour  limiter  I'lntervalle  spectral  au  trou 
sltu$  entre  les  bandes  a  1,85  ct  2,7y.ift;.  Cette  technique  a  evldeninent  pour  Inconvenient  de  redulre  la 
d6tc€tLvltc  dvi  pyroffliltre  et  ne  peut  done  Stre  utlils^e  que  pour  la  mesure  dcs  hautes  temperatures 
(superieurc  d  700*C),  cc  qui  cst  gencralernbnt  le  cas  lorsque  la  tenpirature  des  gaz  est  ^lev8e.  Elle  a 
ct£  utlllsee  pour  assurer  Ics  ossain  du  motcur  MAS  au  CKPr  et  a  donne  de  bona  rcsultats. 

6.  APPLICATION  A  DES  MKSllRES  EN  TRANSITOIRK 


Une  application  Int^ressante  dea  vis4ea  pyroia4crlquee  est  la  d^ternination  des  coefficients 
d'Oehange  locaux  sur  lea  aubes  mobiles.  La  n4ihode  couslstc  d  analyser  In  aont6e  en  temperature  des  aubes 
apr^s  arr8t  de  lour  refroldlsaeraent.  En  reconscltuant  a  pnrttr  des  mesures  locales  de  temperature  I'4vo- 
lucion  en  fonctlon  du  temps  du  champ  thermlque  dans  cette  parol,  on  dgduit  les  coefficients  d'bchange 
extorieur  le  long  dcs  aubes  (6),  L'analyse  est  prlnclpalcment  effectube  dans  le  zone  midiane  de  la 
hauteur  do  I'aubc  ec  pour  cette  application,  la  solution  pyrom4crlquc  offre  los  avantages  de  la  precision 
et  dc  la  simplicity  dc  nlsc  en  oeuvre.  Les  coefficients  d'4change  peiivent  8tre  mesures  on  pr69ence  ou  non 
do  film  gazeux. 

Le  traitement  mifoerlque  de  "moyennage"  n'est  possible  que  parce  que  la  constante  do  temps 
d'yvolutlon  des  temperatures  locales  est  grande,  de  I'ordre  de  la  Sccondc.  11  est  cependant  necessaire  de 
dimlimcr  le  nonbre  de  moyennes  ct  dc  le  ramener  de  200  h  20  cc  qul  Impose  de  tol6rcr  un  ropport  signal 
sur  bruit  trots  fois  plus  falble.  L'utlllsatlon  du  convertisseur  analogiquc-numhrlque  raplde  permet 
malntenant  d'^vltcr  cet  inconvenient.  Un  exenple  d'§voLutlon  des  profile  de  temperature  correspondants  ^ 
La  remise  du  debit  d'alr  de  refroidissement  interne  cst  pr48onte  sur  In  figure  13. 

7 .  CONCLUSIONS 

L'&tabllssomcnt  par  des  techniques  pyrain4trlque6  de  la  cartographie  des  tcap6rature8  de  surface 
des  .-uib  .  npblles  d'une  turbine  rcfroldlc,  a  necessltc  la  else  au  point  d'un  pyrometre  Infrarouge  a  grand 
pouvolr  de  resolution  spatial  ot  temporel.  Typiquement  le  temps  de  rlponse  de  cet  oppnrell  dolt  utre 
inf6rleur  ^  la  micro-seconde *  L'utlllsatlon  d'un  d4tecteur  ^  l'ar84nlure  d'lndlun  refroldl  ^  -40*0  permet 
d'obtcnlr  cette  cnract6rlsclquc  ct,  compte  tenu  dc  an  trds  bonne  detectivity,  le  seull  de  temperature 
detectable  est  d'envlron  430*C  pour  un  pouvolr  de  resolution  ^  la  surface  de  I'aube  de  2  ms^. 

Les  visGcs  pyromytrlques  sont  effectu6e8  par  cndoscople,  sulvant  une  optlqne  de  renvoi  montec 
dans  un  tube  refroldl,  la  sonde  6tant  placee  entre  la  roue  fixe  et  la  roue  mobile,  on  derriSre  celle~ci. 
Elle  a  etb  etudlec  de  manlcre  H  suoporter  los  conditions  dc  tenpbrature  et  prosslon  regnant  dans  la  veins 
ct  a  suhl  sans  donmage  20  bars  et  2100  K« 

Aucun  opirateur  ne  devant  s*approcher  du  banc  en  fonctlonncment,  la  sonde  eat  comaand4e  a 
distance,  ct  permet  d'exploror  la  plus  grande  surface  possible  dos  aubes.  Pour  cette  tadme  raison,  on  a 
optu  pour  un  refroidissement  thermo-61cctrlque  du  d^tecteur  qui,  t>*il  r4duit  la  detectivity,  supprlme  la 
recherche  frequente  cn  fluids  de  refroidissement. 

L'ut Lllsatlon  de  ce  pyron4tre  sur  la  turbine  exp^rlaentale  4tudice  Bp4cialenent  pour  qualifier 
les  nouvelles  techniques  dc  refroldlasemcnt  des  aubes,  a  Dontr4  que  la  pyromycrie  presente  quelques 
dlf f lcult6s  llees, 

-  d'une  part  au  coefficient  dc  ryflexion  non  mil  des  aubes  (ymissivlte  Infcrieure  A  1), 

'  d'autre  part  au  rayonnement  propre  des  gaz. 


Cca  <1lfflcult6s  one  cte  analysccs  ct  den  solutions  ont  proposccs  ;  notaoment  un  progratamc 

dv  cortecilon  dcs  tcBp6ratur«s  tenant  conpte  dcs  reflexions  mutuellcs  entre  nuhes  a  etc  mis  au  point  pour 
am^llorcr  la  tn6thuilc  qni  permet  dus  mesurcs  tres  completes  ct  oni  ear  plus  simple  d'etaploi  que  les 
techniques  iitilisnnt  do,  thermocouples* 
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DISCUSSION 


W.Ko.«chcl,  Gc  .  ■  vr  o 

Which  is  ihc  U|)i>cr  limit  of  the  lime  resiMiiise  of  your  measuring  system  including  amplincrs  etc. . 


Reponse  d’Auteur  ,  . 

I  a  coiistante  dc  temps  dll  dcicciciir  et  dc  son  prcamplificatcur  csl  d’environ  1  micro-scconde.  lx  systeine  d  acquisition 
(un  convcrtisscur  analogiqiic-numcriquc  rapidi;  NICOLET)  permet  dc  numeriser  les  mesurcs  avee  un  intervallc  entre 
points  pouvant  ctre  aussi  faiblc  que  O.S  ps.  Habituellcmcnt  on  sc  ctmtente  d'un  pas  dc  2  ps. 


C.TJ.Scrivencr,  UK  ,  „  •  j 

Rolls-Royce  has  successfully  developed  a  similar  pyrometry  system.  This  has  run  successfully  m  demonstrator  engines 
at  tcniperalures  above  1700  K  Our  cxiwncncc  is  that  particular  techniques  have  to  be  employed  to  allow  radiation 
originating  from  the  combuslion  flame  and  particles  in  the  gas  stream. 

Have  you  observed  these  effects,  and  if  so,  what  correction  do  you  make  for  them? 


J'ai  cximse  dans  I’article  I'i-flucnce  de  remission  propre  dcs  gaz  provenant  csscnliclleincnl  des  molecules  HjO  ct  COj 
ct  comment  on  la  miiiiniisait,  Si  la  combustion  n’csl  pas  suffisamment  propre  cl  remissivilc  dcs  suies  non  ncgligcabic  la 
melhixlc  proposee  n’csl  plus  applicable.  Par  aillcurs.  Ic  signal  pyrometrique  cst  bicn  reproductible  ct  on  nc  volt  pas, 
coniine  on  a  pu  Ic  voir  avee  un  pyrometre  'hand'  fonctioiinani  dans  Ic  ires  proclie  infra-rouge,  dcs  pics  dc  temperature 
que  I'oii  inlcrpreie  comme  Ic  passage  de  Ires  grosses  particulcs. 
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sumaaty 

Double-sided,  high  frequency  response  heat  flux  gauge  technology  developed  specifi¬ 
cally  for  use  on  metal  turbine  blading  in  short  duration  turbine  test  facilities  is 
described  in  detail.  The  gauges  consist  of  a  metal  film  (1500A)  resistance  thermometer 
sputtered  on  both  sides  of  a  thin  (25  urn)  polyamide  sheet.  This  sheet,  containing  25 
gauges,  is  then  adhesively  bonded  (and  completely  covets)  the  airfoil  surface.  The  temp¬ 
erature  difference  across  the  polyamide  is  a  direct  measure  of  the  heat  flux  at  low 
frequencies,  while  a  quasi-lD  analysis  is  used  to  infer  the  high  frequency  heat  flux  from 
the  upper  surface  temperature  history.  The  design  criteria,  construction  and  application 
techniques,  and  calibration  procedures  ate  discussed  in  detail.  Sample  measurements  in  a 
high  pressure  turbine  arc  presented. 

1.0  Introduction 


Accurate  measurement  of  the  heat  transfer  rate  to  turbine  blading  has  long  been 
recognized  as  a  key  to  the  improvement  of  high  pressure  turbine  stages.  The  development 
of  heat  flux  instrumentation  for  hot,  warm,  and  cold  machines  has  therefore  been  an  active 
research  area.  In  hut  turbines,  the  harsh,  oxidizing  environment  is  a  severely  limiting 
constraint.  Here,  thermal  gradient  devices  such  as  Garden  gauges  are  becoming  increasingly 
practical  for  measurement  of  the  time  average  heat  flux  level  |Ref.  1). 

The  development  of  short  duration  turbine  test  facilities  (30  to  700  ms  test  times) 
over  the  past  decade  has  stimulated  the  development  of  heat  flux  instrumentation  specifi¬ 
cally  optimized  for  the  relatively  benign  environment  (500-800“ K  gas  temperatures)  typical 
of  these  facilities  |Re£s.  2, 3, 4, 5).  Calorimeter  and  thin  film  semi-infinite  instruments 
have  been  extensively  used  in  these  applications  |Re£.  6). 

The  goal  of  the  work  described  herein  was  the  development  of  a  heat  transfer  gauge 
technology  which  would  permit  simultaneous  measurement  of  both  the  steady  state  and  time 
resolved  heat  flux  distribution  about  the  rotor  blades  in  the  HIT  Blowdown  Turbine  facil¬ 
ity  (Ref.  5).  The  specific  requirements  for  this  instrumentation  are:  that  It  be  compat¬ 
ible  with  the  tig  environment  (500’K  gas  temperature,  290‘K  metal  temperature,  200  KW/m2 
leading  edge  heat  flux  levels):  that  it  bo  capable  of  withstanding  the  high  centrifugal 
stresses  inherent  to  tlie  rotor  environment)  that  it  have  frequency  response  extending  from 
DC  to  5  to  10  times  blade  passing  frequency;  that  it  be  usable  in  relatively  large 
numbers  per  airfoil  (10-20  per  spanwtse  station);  that  it  require  minimal  modification  to 
the  blading;  and  that  It  introduce  the  minimum  disruption  to,  ot  interference  with,  the 
flow  field  and  heat  transfer. 

Four  candidate  techniques  were  considered  in  some  detail:  calorimeter,  blade 
temperature  conduction  models,  thin  film  semi-infinite,  and  multilayer  thin  film  gauges. 

All  tour  techniques  have  been  demonstrated,  at  least  in  stationary  measurements,  and  are 
probably  realizable  in  the  rotating  frame. 

The  calorimeter  type  gauges  consist  of  insulated  slugs  of  known  thermal  mass  inset 
into  the  blade  surface,  the  heat  flux  rate  being  deduced  from  the  time  rate  of  change  of 
the  slug  temperature  [Ref.  71.  A  severe  disadvantage  to  this  type  of  instrument  is  the 
disruption  of  the  thermal  boundary  layer  due  to  the  thecm.il  discontinuities  introduced  by 
the  sensor  material  (Ref.  8).  The  blade  temperature-conduction  model  technique  can  be 
considered  an  extension  of  the  calorimeter  approach  into  three  dimensions  wj.t)>  the  entire 
blade  acting  as  a  calorimeter.  Here,  the  temperature  history  is  measured  at  a  large 
number  of  points  about  the  airfoil  and  the  spatial  distribution  of  heat  transfer  rate  is 
inferred  with  the  aid  of  time  accurate,  3-D  heat  conduction  calculation.  This  technique 
has  the  advantage  of  requiring  a  minimal  modification  to  the  blading  and  little  flow 
disruption,  but  empirically  requires  a  very  large  number  of  sensors  (100  about  the  chord) 
and  is  very  dependent  upon  the  robustness  of  the  3-D  calculational  procedure  (Ref.  9), 
thus  reducing  its  attractiveness  for  rotor  applications. 

The  thin  film  semi -i n£ ini te  gauge  consists  of  a  thin  lila  resistance  thermometer 
mounted  on  an  insulating  substrate.  Assuming  that  the  substrate  appears  Infinitely  thick 
to  thermal  waves  propagating  from  the  surface,  the  time  dependent  heat  flux  can  be 
infottod  using  a  one-d imens iona 1  heat  conduction  model.  In  practice,  this  technique  has 
boon  brought  to  a  high  degree  of  perfection  in  stationary  cascades  by  fabricating  entire 
airfoils  from  ceramic  material,  thus  eliminating  tlow  disruption  problems  (Ref.  6| . 

Direct  application  of  this  technique  would  require  fabrication  of  ceramic  or  plastic  rotor 
airfoils,  a  formidable  task.  Alternatively,  a  metal  airfoil  might  be  coated  with  a 
suitable  insulator,  but  this  too  is  not  simple  in  the  rotor  environment. 

The  technique  selected  was  that  of  the  multilayer  heat  flux  gauge  consisting  of  two 
temperature  sensors  on  either  side  of  a  thin  insulating  .suhstrate  which  is  applied  to  the 
blade  surface  (Fig.  1).  This  is  a  thermal  shunt.  The  temperature  difference  across  the 
insulator  is  a  direct  measure  of  the  heat  flux  to  the  surface.  This  direct  proportionality 
between  temperature  difference  and  heat  flux  is  valid  only  below  a  certain  frequency. 


to:. 


This  tirequency,  however,  incce#  as  the  insolator  thickness  is  reduced.  Conversely, 
above  another  frequency,  the  auu...r;t:e  appears  semi-infinite  to  the  upper  sensor  and  a 
quasi-one-dimonsional  assumption  con  be  used  to  infer  the  heat  flux  as  with  the  semi- 
intinite  gauges  described  above.  In  the  multilayer  gauge  could  be  considered  an 

elaboration  of  the  semi-infinite  ga  which  a  second  sensor  is  placed  within  the 

substrate  to  eliminate  the  gauge  pen.  ..ce  dependence  on  the  blade  material  properties. 
Alternatively,  the  gauges  can  be  viewed  ^s  developments  of  the  commercially  available 
thermopile  sensor,  low  frequency  response  c -iiges  IHef.  101  with  the  low  response  sensors 
replaced  by  high  response  resistance  thetmo.i.eters .  For  ti.e  25  um  thick  polyamide  insulator 
chosen,  the  direct  response  Ishuntj  mode  frequency  response  is  DC  to  20  Hz,  while  the 
semi-infinite  assumption  is  good  above  1.5  kHz.  In  the  MIT  lUowdown  Turbine  tunnel  for 
which  these  ejauges  were  (Icsiqiivd,  rotor  blade  passing  frequency  is  6  kHz.  Furthermore,  as 
we  shall  see,  the  response  In  the  intermediate  20-1500  Hz  region  can  be  recon.struoted 
through  proper  numerical  signal  processing. 

The  multilayer  gauges  are  fabricated  many  to  a  sheet  of  insulating  material,  tested, 
and  then  glued  to  the  blade  or  test  article  surface  using  standard  strain  gauge  adhesive 
bonding  techniques.  The  blade  Is  completely  covered  by  the  polyamide.  The  specific  advan¬ 
tages  of  this  heat  flux  gauge  technology  include:  frequency  response  from  DC  to  tens  of 
kilohertz,  conventional  metal  blading  may  be  used,  no  thermal  or  geometric  discontinuities 
are  introduced,  and  the  gauges  are  fabricated  and  tested  independently  of  the  airfoil. 

This  paper  details  the  theory,  fabrication,  testing,  and  data  reduction  of  these  high 
frequency  response  multilayer  heat  flux  gauges. 

2.0  Gauge  Model 

He  will  now  construct  a  generic  multilayer,  time  dependent,  conduction  model  of  the 
double  sided  heat  flux  gauge  to  use  in  the  gauge  design  and  calibration,  and  as  a  guide  to 
its  proper  application.  A  cross-section  of  a  mounted  gauge  is  illustrated  in  Fig.  1, 
iihen  mounted  on  a  blade  profile  or  test  item,  the  gauge  becomes  part  of  a  five-layered 
structure  consisting  of  the  top  thin  film  thermometer  temperature  sensor,  the  gauge 
insulating  substrate,  a  second  film  thermometer,  an  adhesive  layer,  and  finally  the  test 
article  itself.  In  general,  the  thermal  properties  of  each  layer  will  differ  and  thus,  to 
be  fully  rigorous,  a  five-layer  model  might  be  employed.  In  practice,  however,  the  film 
thermometer  sensors  are  sufficiently  thin  to  appear  thermally  transparent  to  the  applied 
heat  flux,  thereby  permitting  use  of  a  three-layer  model.  Also,  the  sensors  will  be 
excited  at  power  dissipation  levels  sufficiently  low  that  their  influence  as  sheet  sources 
of  heat  can  be  neglected.  The  quantitative  conditions  required  to  meet  these  criteria 
will  bo  derived  later. 

The  model  can  be  further  simplified  to  two  layers  if  we  assume  that  the  sensor 
substrate  and  adhesive  have  similar  thermal  properties  and  that  the  sensors  ai e  embedded 
In  the  upper  layer.  In  detail,  this  adhesive  thickness  will  represent  not  thi  exact 
physical  thickness  but  an  equivalent  thickness  including  effects  of  uneveness  and  property 
variations.  A  similar  assumption  will  be  made  about  any  surface  coating  (protective  or 
dirt)  which  may  be  on  top  of  the  upper  gauge  .surface.  The  gauge  adhesive,  substrate  and 
surface  coating  will  thoreforo  form  Layer  I  of  the  model  and  the  test  article  or  blade 
will  form  l.ayer  2  (Fig.  2),  The  top  sensor  will  lie  under  a  surface  layer  oh  thickness 
h=fhd  and  the  bottom  sensor  will  lie  a  distance  g=fgd,  representing  the  glue  layer,  above 
the  interface,  where  d  represents  the  sensor  separation  and  tg,  fh  the  glue  and  surface 
coating  tractions  respectively.  Thus  Xu°fnd  and  Xt  =  (l  +  fh)d,  and  if  I,  is  the  thickness  of 
Layer  1,  then  (l+fh+fgld  =  L. 

The  heat  conduction  equations  will  be  solved  tor  the  temperature  distribution  in  a 
two  layered  semi-infinite  medium  of  unlimited  lateral  extent  subject  to  a  spatially 
uniform  surface  heat  flux,  q(t).  The  flow  of  heat  may  therefore  be  considered  to  be 
one-dimensional.  We  further  assume  that  the  thermal  properties  within  each  layer  ate 
uniform  and  that  the  layers  make  perfect  thermal  contact.  Thus,  the  temperature  in  each 


layer  is  governed  by, 

3T  3^T, 

Layer  1: 

9  X 

0  < 

X  <  L 

(1) 

Layer  2:  jr"  ‘  2 

1  < 

X  <  • 

(2) 

(where  <  =  k/pc  is  the  thermal  dif f usivity) , 
T^(L,t)  =  T^lL.t) 

subject  to  the  interface  conditions, 

(3) 

k  1  =  k  1 

l9x  lx  =  L  1 

< 

t  < 

(4) 

and  the  50m i - inf i n i te  condition 

0 

T2(«,t)  =  0  . 

(5) 

To  fully  specify  the  problem,  upper  surface  boundary  conditions  and  initial  conditions 
must  be  provided  and  these  will  depend  upon  the  form  of  the  driving  surface  heat  flux  to 
be  investigated.  Me  will  consider  two  cases:  1)  a  steady  sinusoid,  and  2)  a  step  in 


.10-3 


sucEacc  heat  flux.  The  solution  to  these  problems  employs  the  standard  techniques 
described  in  Ref.  [11|.  The  results  will  be  given  in  a  form  useful  to  the  subsequent 
analysis  and  only  nhe  solution  for  the  temperature  in  the  layer  containing  the  sensor, 
Tj(x,t),  will  he  reported. 

2.1  Hesponsc  to  a  Steady  Harmonic  Variation  in  Surface  Heat  Flux 

Initial  conditions  cannot  be  specified  since  the  steady  solution  valid  for  all  time 
is  being  sought.  f-’or  the  surface  heat  flux, 

3  T  I 

•=  -''l  Ti-  U  =  o  °  <  t  <  f-  (6) 

the  temperature  distribution  in  Layer  1  is, 

T^(x,t)  =  (O^d/k^)  M  exp(j(ot-t))  0  <  X  <  I,  (7) 


u 


2,„23l/2 


‘  ■  2  [uj  d  4 


-1  BC-AD 


A  sensor  characteristic  frequency  has  been  introduced  ba-sed  upon  the  sensor  spacing  d. 


^  2d  = 


The  other  quantities  are  defined  as  follows 


A  5  1  -  R  exp 


C  =  1  t  R  exp 


D  =  -H  exp 


R  -  '‘'-I 


=  yTociT"  ■  '  ' 

2 . 2  Response  to  a  Step  Ir  Surface  Heat  Flux 

Here,  both  the  transient  and  steady  solutions  to  the  problem  are  of  interest.  The 
initial  conditions  are. 


„  \Tl(x,t  =0 
-«  <  t  <  0  { 

I T2(x,t)«0 

For  the  surface  heat  flux, 

^s"--’  -  -S  |x=0  =  ! 


0  <  X  <  I, 


-»  <  t  <  0 
0  <  t  '  +» 


the  temperature  distribution  in  Layer  1  is  given  by. 


^(x,t)  =  (Q^d/k^)  ^  t  (-R)"(ierfc  P^^-R  ierfc 


P  =  +  2n  ik/'il  (1 

r't/r  /t/T 

Q-  ;  -  +  2(n  +  l)  (i 

b  /tA  2tA 

and  icrfcO  is  the  first  integral  of  the  complementary  error  function.  A  gauge  time 
constant  r  has  been  introduced,  again  based  upon  gauge  thermal  ditfusivity  and  sensor 
spacing , 


I  .V)-‘l 


The  tempecature  is  rotciCiiCoJ  to  the  quantity  (Qo<^l/l<l)  which  tepi'esents  the  steady 
state  tempetatu tre  drop  requited  to  "drive"  a  heat  flux  Qq  across  the  distance  d. 

The  characteristic  trequency  uq  and  the  time  constant  t  ate  defined  with  respect  to 
the  qouge  film  spacing  d  and  not  the  layer  thickness  L.  Thus,  the  expressions  for  the 
solution  may  appear  a  little  mote  cumbersome  than  necessary  to  describe  the  temperature 
distribution  but  they  are  in  the  proper  form  for  the  subsequent  analyses  of  the  gauge 
response  characteristics. 

2.3  (lauce  Model  Discussion 

The  solutions  tor  the  temperature  distribution  in  Layer  1/  Ti(xjt),  depend  intrinsi¬ 
cally  upon  the  properties  of  the  gauge  through  /pcIt  and  k/d.  These  parameters  form  the 
basis  for  the  normalization  of  the  independent  variables  through  the  definitions  of  t  and 
Up.  Wo  will  adopt  these  as  the  fundamental  parameters  which  characterize  the  gauge  and 
which,  therefore,  must  be  known  to  interpret  its  output.  Additional  influence  comes  from 
the  thickness  tractions  of  the  surface  coating  and  adhesive  (fj,  and  fg  respectively)  and 
the  /pcs'  of  Layer  2  which  enters  through  the  parameter  R. 

We  will  now  use  the  gauge  model  to  show  that  only  the  film  thermometer  scale  factor, 
/'o'eS  and  k/d  need  calibration.  Variations  in  adhesive  thickness  and  test  article 
properties  (f(,<  Eg  i  'E)  ,  although  they  influence  the  temperature  levels,  do  not  signifi¬ 
cantly  affect  the  heat  flux  level  inferred. 

2 . 4  Gauge  Model  Response 

Wo  will  use  the  limiting  case  solutions  of  the  low  frequency  direct  mode  and  the  high 
frequency  semi-infinite  mode  to  provide  a  framevrork  for  gauge  design  and  calibration. 

In  the  direct  or  shunt  mode,  the  surface  heat  flux  is  assumed  to  be  proportional  to 
the  measured  temperature  drop  across  the  gauge.  While  this  is  valid  tor  static  measure¬ 
ments,  a  uniform  temperature  gradient  will  no',  exist  across  the  gauge  if  there  ate 
frequency  components  for  which  the  thermal  penetration  depth  is  comparable  to,  or  smaller 
than,  the  gauge  thickness.  The  gauge  is  considered  to  be  in  the  semi-infinite  mode  for 
those  frequency  components  which  are  effectively  damped  by  the  gauge  substrate.  In  this 
case,  the  heat  flux  may  be  obtained  entirely  from  the  upper  film  theciiiometsr .  It  should 
be  understood  that  'direct'  and  'semi-infinite*  are  terms  used  to  describe  limiting 
processes  within  the  gauge  substrate  and  ate  in  no  way  exclusive  of  each  other  in  actual 
operation  of  the  gauge. 

For  steady  harmonic  excitation  in  the  direct  roeasuroment  mode,  the  upper  and  lower 
film  tonpecatures  ate  provided  by  Eq.  (7), 

■^u  “  '‘’l<'‘u'''’  “  (QoE)/Hi)  'lu  e  (19a) 


S.  °  ■’’l °  (Qod/kj^)  e 


j(ut-*j) 


where  My  =  H(Xu),  etc.;  Xy  =  ffid  and  Xj  =  (l+lh)d  are  the  positions  of  the  upper  and  lower 
thermometers:  and  L  =  (l+fp+fgld  is  the  total  thickness  of  Layer  1.  The  direct  mode  heat 
flux  f[[)  indicated  by  an  'ideal'  gauge,  (i.e.,  error-free  measurements  of  and  T( ,  and 
perfect  knowledge  of  kj/d),  is 

q^jit)  =  (kj/d)  (T^  -  Tj  )  (20) 

Subs.ituting  for  the  tempetatures  using  Eqs.  (10),  the  ratio  of  the  measured  to  actual  heat 
flux  is, 

T - ’  'n®  -  h.e  (21) 

ggii) 

This  may  be  put  into  the  more  useful  magnitude-phase  form, 


11.  ;  (t1^  +  -  211, M.  cos  (♦  ,-4.))^''^  (23) 

U  t  U  t  Of 

♦  p  =  tan~^(  ^  J  /  iriy<;os*^  “  (24) 

ropcesont  tho  magnitude  Mj^  and  phase  ♦p  response  foe  direct  mod^- . 

These  are  plotted  in  Fig.  3  as  a  function  of  the  normalized  frequency  u/ucr  tor 
several  values  of  glue  fraction#  Eg.  The  case  shown  is  for  a  polyjiiiide  substrate  mounted 
upon  an  aluminum  test  body#  RsO.96.  The  results  show  that  tho  direct  temperature 


r 


i 
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difterence  mode  is  valid,  in  this  examijlo,  for  frequencies  up  to  the  cutoff  frequency  uc, 
and  that  in  this  region  the  adhesive  layer  has  negligible  influence  upon  the  performance 
of  the  gauge.  Parametric  studies  show  similar  conclusions  for  the  influence  of  R  and  f^. 


The  results  thus  far  show  that,  in  the  direct  mode, 
surface  heat  flux  can  be  approximated  by, 

4T  d 
Q  *  k 

up  to  the  cutoff  frequency, 


the  temperature  rise  per  unit  of 

(25) 


(26) 


If  k/d 
and  the 

Q 


is  eliminated  from  these  expressions,  a  constraint  bctwen  gauge 
response  bandwidth  (in  Ils)  is  obtained, 

^  2/t,  /pclT 


sensitivity  iT/0 
(27) 


i.e.,  the  overall  trade  between  signal  strength  and  cutoff  frequency  depends  only  on  the 
thermal  property  /pck  of  the  gauge  substrate.  Thus,  both  low  thermal  inertia  pC  (more 
precisely  high  d i f f usi v i ty ) ,  good  for  high  f^,  and  low  thermal  conductivity,  good  for  high 
aT/0,  ate  desirable. 


! 

I 

i 


i 
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The  solution  Cor  steady  harmonic  excitation*  Kq»  {19b)*  shows  that  the  response  of 
the  lower  sensor  is  fully  damped  Cor  frequencies  above  approximately  100  In  the  case 

of  the  semi'inC inite  mode*  the  expression  cor  the  surface  temperature*  Cq.  (19a)*  (foe 
xsO)  reduces  to 


T„(t) 


-1/2 

— U  O 

✓  pc1i 


(2B) 


Thus,  the  condition  for  ma.ximum  high  frequency  temperature  sensitivity  is  the  same  as  for 
the  direct  measurement  mode,  low  •'pclT,  except  now  it  is  seen  that  sensitivity  also 
timinishes  with  frequency,  as  u'^-/^.  This  means  that,  for  a  fixed  temperature  measurement 
capability,  low  values  of  ,'7ol(  will  help  to  improve  the  upper  frequency  response  limit 
of  the  seml-inf Inite  mode. 


In  summary,  this  steady  sinusoidal  theory  provides  the  basis  for  the  gauge  design, 
i.e.,  substrate  and  thickness  selection.  Low  /pck  is  desirable  for  a  high  sensitivity- 
bandwidth  product  in  the  direct  measurement  mode  and  tot  high  sensitivity  and  frequency 
response  in  the  semi-infinite  mode.  For  a  given  /pek ,  the  trade  between  f^.  and  aT/Q  is 
then  set  by  the  choice  of  substrate  thickness,  d. 


Now  wo  will  look  at  the  semi-infinite  mode  step  response,  which  is  shown  tor  the 
upper  and  lower  thermometers  in  Fig.  4,  The  region  in  which  the  response  of  the  upper 
thermometer  is  linearly  proportional  to  ,'t  is  that  for  which  the  semi-infinite 
assumption  is  valid.  Here,  the  solution  for  x=0  is. 


T  (t) 
u ' 


JQ__ 

/pck 


(29) 


Wo  will  use  this  equation  for  the  /^ck  calibration  procedures  discussed  later.  Note 
that,  although  increasing  the  adhesive  traction  tends  to  extend  the  duration  of  the 
semi-infinite  regime,  it  does  not  influence  the  performance  of  the  gauge  while  in  that 
regime.  Similar  conclusions  follow  for  R  and  ff,- 


The  step  response  for  the  direct  difference  mode  is  obtained  from  Kqs .  (16)  ana  (20) 
(Fig.  5).  The  effect  of  the  glue  layer  is  more  evident  from  its  influence  upon  the  rise 
time  of  the  Pleasured  response  than  it  was  from  its  effect  upon  the  frequency  response. 
Also  shown  is  a  discriminant  (Ty-Ti)/Tu,  which  can  be  used  to  estimate  the  effective 
thickness  of  the  adhesive  from  test  data. 

These  results  clearly  show  the  behavi€>r  of  the  seroi-int  Inlte  (tcx)  and  steady  state 
(t>20T)  limits.  The  actual  data  is  reduced  with  a  numerical  technique  which  reconstructs 
the  entire  frequency  domain,  as  will  be  described  later. 

2 . 5  Design  ot  the  Thin  Ftlw  Teaperaturt  Sensors 

This  section  discus.ses  the  design  of  the  thin  film  resistance  thermometers  used  as 
temperature  sensors  in  the  multilayer  heat  flux  gauge.  These  sensors  are  nothing  more 
than  metal  film  resistors  whoso  resistance  changes  with  temperature.  For  a  change  sT 
about  a  temperature  T,  the  Increment  in  film  resistance  may  be  expressed  by  a  Taylor 
series  expansion  in  powers  of  «T, 

6R  =  K(T  +  «T;i  -  R(T)  »  H(T)  a  (T)  4T  (30) 

+  higher  order  terms  in  «T. 

The  temperature  coefficient  of  resistivity  a (T) ,  a  fundamental  material  property, 
represents  the  fractional  change  in  resistance  about  a  given  temperature, 

a  (T)  =  d  (lnR)/dT.  (3X) 
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For  the  metals  commonly  employed  in  resistance  thermometers,  « (T)  is  usually  a  very  weak 
tunction  of  temperature  over  ranges  of  practical  interest*  Thus,  in  many  applications,  a 
convenient  form  of  Bq.  (301  may  be  obtained  by  assuming  constant  a  and  neglecting  the 
higher  order  terms, 

SR  =  RadT.  (32) 

(For  the  sensor  here,  this  results  in  errors  of  order  O.IC  over  a  60C  range.) 

For  a  sensor  excited  at  constant  current,  the  change  in  voltage  across  the  sensor, 

4V,  is 

<V  «  (Va)«T,  (33) 

where  V  represents  the  total  voltage  drop  across  the  film.  Thus,  the  sensitivity  of  the 
sensor  is  directly  proportional  to  both  its  temperature  coefficient  and  the  excitation 
voltage.  The  excitation  voltare  is  constrained,  however,  by  the  V^/tt  heat  dissipation  in 
the  film  sensor, 

Qe  =  v2/(iUv))  ,  (34) 

(where  1  and  w  ace  the  active  length. and  width  of  the  film).  This  heat  dissipation  must 
be  kept  small  compared  to  the  heat  flux  being  measured. 

To  quantify  this  constraint,  film  resistance  will  be  expressed  in  terms  of  film  geo¬ 
metry  and  volume  resistivity,  c, 

R  =  (pl)/(wt)  ,  (sg) 

where  t  is  the  film  thickness.  iiubstituting  into  Eg.  (34)  yields 

V  =  (0/t)^^^l  •  ',36) 

This  expression  sets  the  excitation  voltage.  Note  that  this  result  is  independent  o£  the 
width  of  the  film.  The  level  of  Oe  can  be  adjusted  for  each  meusucement  application.  The 
film  parameters  (o/t,  1,  w,  t) ,  however,  must  be  selected  becotehand  by  the  design  process. 
Substitution  of  Eg.  (36)  into  Eq.  (33)  yields  a  form  of  the  sensitivity  equation  useful 
for  design, 

4V/4T  .  (e/t)^/^  al  ■  (37) 

This  expression  implies  that  long,  thin  films  with  high  volume  resistivity  and  temperature 
coefficient  are  best  for  high  temperature  measurement  sensitivity.  There  are,  however, 
many  other  conditions  which  must  bo  considered  to  arrive  at  an  overall  optimum  design  of 
film  resistance  sensors  fur  heat  transfer  gauges,  some  of  which  are  discussed  below. 

The  first  two  factors  in  Eq.  (37),  (p/t)!-/^.,  show  the  influence  of  film  thickness 
and  electrical  properties  on  film  sensitivity.  Table  I  presents_a  ranking  of  some 
candidate  film  materials  based  upon  the  sensitivity  parameter  o/p ,  derived  using  the 
bulk  properties  of  the  materials.  Note,  however,  that  these  properties  ate  a  function  of 
film  thickness  in  the  region  below  I  pm  (where  data  is  available  for  only  a  few  substances 
(Ref.  12]).  This  table  does  provide  some  general  guidance  for  maximizing  temperature 
sensitivity,  the  final  choice  being  also  influenced  by: 

a)  surface  temperature  changes  resulting  from  the  thermal  resistance  and  capacity  of 
the  film, 

b)  abrasion  resistance  and  substrate  adhesion  of  the  film, 

c)  residual  stresses  induced  by  the  deposition  process,  and 

d)  changes  in  p  and  a  from  their  known  bulk  property  values. 

The  third  factor  in  Eg.  (37)  shows  the  influence  of  sensor  surface  geometry.  The 
maximum  length  of  the  sensor,  hence  its  sensitivity,  will  be  determined  by  the  spatial 
resolution  requirements  of  the  heat  flux  measurement.  It  this  is  characterized  by  a 
single  length  scale  k,  for  example,  the  film  will  be  constrained  to  lie  in  a  roughly 
square  region,  \  on  a  side.  Since  the  sensitivity  has  been  shown  to  be  independent  of 
film  width,  a  serpentine  pattern  may  be  employed  to  significantly  increase  the  film  sensi¬ 
tivity,  if  the  minimum  width  that  can  be  reliably  deposited  is  much  smaller  than  x.  For 
the  film  geometry  chosen,  1  ’  14k.  There  are,  however,  several  potential  disadvantages  to 
those  thin,  long  and  narrow  film  sensors.  First,  they  will  be  mote  vulnerable  to  small 
scale  nicks  and  scratches.  Second,  they  may  prove  unsuitable  for  calibration  of  substrate 
physical  properties  by  the  electrical  self-hoating  method,  which  requites  that  the  film 
width  be  much  larger  than  the  thermal  penetration  depth  over  the  required  calibration 
time.  Third,  the  sensitivity  advantage  of  a  long,  thin,  narrow  film  can  be  reduced  by  the 
reduction  in  its  inherent  signal  to  noise  ratio  which  arises  due  to  its  increased 
resistance. 

wo  will  now  estimate  the  signal  to  noise  ratio  of  this  thin  film  .  .-sistance  thermo¬ 
meter.  All  resistors  produce  electrical  noise  as  a  result  of  the  thermal  motion  of  their 
electrons.  The  mean  squared  value  of  this  thermal  noise  voltage  is  =  4kTBR)  where 
k  is  the  Holtznann  con.stant,  T  the  resistor  absolute  temperature,  Q  tlie  bandwidth  over 
which  this  (white)  noise  voltage  is  measured,  and  R  the  resistance.  A  second  contributor 
to  resistor  no.ise  arises  when  the  resistor  'feels'  the  flow  of  an  externally  applied 
current.  All  electrical  currents  have  inherent  fluctuations,  arising  from  the  fact  that 
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charge  comes  it>  discrete  lumps  (electrons) 
mean  squared  value  ot  these  Eluctuations  i 
Passing  through  a  resistor,  those  tXuctuat 
shot  noise*  Since  those  sources  are  uncor 
expressed  as, 

=  (4kT  ^  2eV)RB  . 


.  For  a  current  of  (average)  magnitude  I,  the 
s  T|  =  2elB,  where  e  is  the  electron  charge, 
ions  appear  as  a  voltage  noise  v|  »  =  2eVKD, 

related,  thi>  total  resistor  noise  may  be 

(38) 


Note  that  vj^,  a  measure  of  the  noise 
vation  bandwidth  with  the  resistance 


power,  is  proportional  to  the 
(and  implicitly  with  the  gain 


product  of  the  obser- 
of  the  film  sensor). 


The  moan  squared  signal  ‘^ower  (obtained  from  Bq.  (37))  is, 
4V^  =  (p7t)<i^l‘'3p«T'^ 


(39) 


Forming  the  ratio  of  mean  squared  signal  to  noise  powers  yields  the  signal  to  noise  ratio, 
S/N  = 


where  Eqs. 


(4kT 
;  3  5 )  and 


2e  /Qg(p/t)  1)B 


(36)  have  been  used  tor  R  and  V  in  Eq.  (38). 


The  film  noise  will  result  in  an  indicated  RMS  temperature  fluctuation,  4Tn, 
may  )>e  found  from  Eq.  (40)  by  settinq  S/N=l, 

1/2 


= 


«T 


S/N=l 


4kTB 
Qplwa  ‘ 


[o/Q„(e/tr  n 

1  *  — Iff--— J 


(40) 


wh  ich 


(41) 


For  the  nominal  operatinq  conditions  of  the  sensors  designed  here,  this  temperature  is 
equal  to  0.002*K,  quite  negligible.  A  more  rigorous  optimization  of  film  design  would 
include  all  the  tradeoffs  between  the  film,  amplifier,  and  data  acquisition  system.  This 
was  not  done  in  this  case  since  this  gauge  noise  level  is  less  than  the  O.OS^K  peak  to  peak 
equivalent  noise  of  the  amplification  system  used. 


3.0  Fabrication  and  Mounting 

Given  the  guidelines  Implicit  in  the  gauge  theory,  the  gauge  design  consisted  of 
selection  of  the  substrate  material,  the  film  resistor  material,  and  the  sensor  geometry. 
Ml  three  must  be  compatible  with  the  fabrication  technique  selected.  Vapor  deposition 
and  photolithography  were  chosen  as  being  compatible  with  both  large  scale,  low  cost 
fabrication  of  these  gauges  and  the  fine  sensor  structure  implied  by  the  relatively  high 
film  sensor  resistance  desired. 


Over  fifty  materials  were  studied  as  candidates  for  the  gauge  substrate.  Polyamide 
(Kapton)  was  by  far  the  most  attractive  material.  It  has  the  lowest  /pck  of  any 
material  studied  (and  thus  the  highest  sensitivity  bandwidth  product),  has  excellent 
thermal  and  mechanical  properties  up  to  600*K,  has  a  well-developed  adhesive  technology 
(due  to  its  wide  use  in  strain  gauges),  is  widely  available,  and  is  used  in  vapor  deposi¬ 
tion  applications  (tor  spacecraft).  The  substrate  thickness,  d,  was  selected  as  25  um  to 
yield  a  direct  mode  response  upper  limit  ct  20  llz  and  a  semi-infinite  mode  lower  limit  of 
1500  Hz. 


The  resistance  tho-momoters  ate  fabricated  from  0.13  urn  thick  puce  nickel.  Nickel 
was  chosen  because  of  its  relatively  high  net  sensitivity  (Table  I)  and  because  of  its 
very  good  adhesion  characteristics  in  thin  film  applications.  The  sensor  geometry 
selected  (Fig.  6)  was  a  square  serpentine  pattern  to  maximize  the  sensor  length  in  an  area 
compatible  with  the  expected  disturbance  length  in  the  flow  field  and  thus  maximize  the 
signal  to  noise  ratio  as  discussed  earlier.  The  sensor  cesistan 'e  is  approximately  5000. 
tiow  resistance  gold  leads  or  'tags'  1  um  thick  ate  deposited  from  the  sensor  to  the  edge 
of  the  polyamide  sheet.  Signals  from  the  bottom  sensor  come  through  0.5  mm  diameter 
'plated  through'  holes,  laser  drilled  in  the  substrate  before  the  deposition  process. 
Twenty-six  gauges  are  fabricated  on  a  single  polyamide  sheet  whoso  dimensions  are 
compatible  with  a  turtiine  airfoil  surface  area. 


The  vapor  deposition  is  done  by  d.c.  sputtering  at  a  pressure  of  5x10"'*  torr  of 
argon.  The  deposition  rate  of  the  nickel  is  0.2  nro  pec  second.  The  geometrical 
delineation  is  done  using  a  liftoff  process,  the  two  gauge  sides  being  done  separately. 

The  manufacturing  yield  and  material  properties  are  very  strongly  process  variable 
dependent.  The  principal  problem  with  the  gauges  is  a  high  batch  to  batch  variation  in 
manufacturing  yield  which  is  not  yet  understood.  The  problem  appears  as  a  high  level  of 
Intrinsic  stress  in  the  nickel,  resulting  in  ctaciring  of  the  sensors.  Nork  is  underway  to 
solve  this  problem. 


Originally,  a  silicon  dioxide  overcoat  was  applied  to  the  bottom  sensor  surface  to 
serve  as  an  electrical  insulator.  This  was  discontinueu  m  lavui  oL  ai.adiuing  the  surface 
of  the  aluminum  blading,  a  practice  which  has  proven  completely  satisfactory. 


The  gauge  sheets  are  simply  cut  to  conform  to  the  blade  surface  outline  and  then 
bonded  to  the  surface  using  conventional  strain  gauge  cement  and  mounting  techniques. 
Thermal  time  response  testing  has  indicated  that  the  glue  layer  is  5  um  thick.  Seventy- 
rive  micron  diameter  wires  are  soldered  to  the  far  ends  of  the  gold  tags  to  bring  out  the 
signals  in  a  region  fat  removed  from  the  measurement  area. 


K)--; 


4 . 0  Calibration  ot  the  Heat  Flux  Gauges 

As  in  most  experimental  techniques  used  to  determine  heat  tlux,  temperature  is  the 
physical  quantity  measured,  itoiii  which  surface  heat  tlux  is  interred  by  one  ot  several 
techniques:  direct  processing  ot  the  temperature  signal  by  a  physical  PC  analoej  network, 

numerical  integration  of  the  measurement  with  a  kerital  function,  or  processing  ot  the 
measurement  by  a  numerical  analog  ot  the  gauge  heat  flow.  These  techniques  are  based  upon 
a  model  ot  the  heat  conduction  process  within  both  the  gauge  and,  in  moot  cases,  the  test 
article.  The  model  not  only  provides  the  physical  and  mathematical  framework  for  each 
approach  but  also  the  form  ot  the  fundamental  parameters  which  govern  the  behavior  of  the 
gauge . 

The  multilayer  gauge  provides  two  teraperature  measurements:  at  the  surtace,  and  at  a 
depth  d  below  the  surtace.  From  the  model  derived  earlier,  it  can  be  seen  that  two  con¬ 
stants  must  be  determined  -  /pclc  (the  conventional  parameter  used  with  surface  thermometry 
based  upon  the  semiintlnite  assumption),  and  k/d  (representing  tlie  steady  state  heat  flux 
per  unit  temperature  drop  across  the  gauge). 

Caretul  calibration  of  these  parameters  is  particularly  important  tor  this  gauge 
since  there  is  far  less  experience  with  Kapton  as  a  substrate  than  with  the  more  conven¬ 
tional  quartz,  Pyrex,  or  machincable  ceramic  materials.  Significant  deviations  irom  the 
'nominal'  ot  advertised  thermal  and  physical  properties  might  occur  within  the  manufactur¬ 
ing  tolerances  of  the  Kapton  sheet.  Furthermore,  it  is  not  yet  known  what  influence,  if 
any,  the  film  thermometer  deposition  process  might  have  upon  these  properties.  Thus, 
given  that  the  upper  and  lower  tilm  sensors  have  been  calibrated  as  thermometers  and  that 
all  th->  assumptions  pertaining  to  the  sensor  model  ate  satisfied,  knowledge  ot  Kpek  and 
(k/d)  will  fully  characterize  the  operation  of  the  heat  tlux  sensor. 

The  temperature  coerficient  ot  resistivity  ot  the  thin  tilm  thermometers  is  conven¬ 
tionally  calibrated  by  placing  the  gauges  in  a  heated  immersion  bath  and  varying  the  bath 
temperature.  All  sensors  on  a  test  specimen  are  tested  together.  The  accuracy  of  the 
calibration  is  limited  by  that  ot  the  teietence  thermometer  to  approximately  O.OS'C. 

Many  calibration  schemes  for  /pcir  and  k/d  place  boundary  conditions  on  the  gauge 
tor  which  exact  solutions  of  the  heat  conduction  equation  can  be  found.  The  calibration 
coetticients  may  then  be  inferred  from  a  simple  comparison  ot  the  experimental  data  with 
the  theoretical  solution.  The  overall  accuracy  ot  the  result  will  bo  dependent  upon  both 
the  quality  ot  the  various  physical  measurements  required  and  the  accuracy  to  which  the 
assumed  boundary  conditions  ate  realized.  This  latter  condition  is  especially  crucial 
since  its  validity  may  not  necessarily  be  apparent  from  the  test  data  alone.  Thus,  there 
is  a  practical  virtue  in  making  these  boundary  conditions  as  simple  as  possible,  i.e., 
that  the  flow  ot  heat  be  one-dimensional  and  that  the  gauge  appear  thermally  semi-inf  inice . 
Oiven  those  conditions,  simple  analytical  solutions  can  be  found  tor  the  surface  tempera¬ 
ture  response  to  a  wide  variety  ot  surface  heat  flux  time  histories.  For  example,  the  top 
surface  respoise  to  a  step  in  surface  heat  flux,  Q,  is  given  by, 

T(t)  =■  t^^^  (42) 

»-'ti  /p  ck 

Coinmonly»  the  step  in  surface  heat  flux  is  applied  by  pulsing  cu  rent  through  the 
film,  i.e.,  resistive  dissipation  in  the  sensor  itself  [RoE.  6).  This  technique  cannot  be 
used  with  this  gauge  geometry,  however,  since  the  sensor  width  is  on  the  order  of  the 
in.sulator  thickness,  violating  the  uniform  heating  assumption  and  introducing  errors  on 
the  order  of  100%.  Instead,  a  calibration  technique  is  used  in  which  the  gauge  is 
radiantly  heated  by  a  laser  pulse,  simultaneously  yielding  /pck  and  k/d. 

Conceptually,  step  radiant  heating  can  be  used  as  a  direct  calibration,  i.e.,  a  known 
heat  rate  is  applied  to  the  top  gauge  surface  with  /ock  being  inferred  from  the  top 
sensor  rise  time  and  k/d  simply  computed  from  the  top  and  bottom  sensor  temperatures.  In 
practice,  this  can  be  difficult  to  achieve  since  the  measurement  accuracy  is  directly 
proportional  to  the  absolute  accuracy  to  which  the  pulse  power  is  known,  dependent  upon 
absorption  characteristics  of  the  surface,  and  is  sensitive  to  the  f^netgy  distribution  in 
the  laser  beam.  Rather  than  attempt  to  perform  an  accurate  absolute  measurement,  a  rela¬ 
tive  calibration  technique  was  developed  which  depends  upon  ratios,  not  absolute  values. 

In  the  relative  calibration,  the  step  response  is  measured  with  the  sensor  both 
covered  and  uncovered  by  a  reference  fluid  of  known  /pelt.  The  method  is  based  upon  the 
principle  that  the  applied  surface  coating  acts  as  a  sheet  source  ot  heat  at  the  interface 
of  two  semi -inf  ini te  substances.  Theory  shows  that  the  of  heat  entering  each 

substance  equals  the  ratio  of  their  respective  values  of  /pck  (since  both  materials  see 
the  same  interface  temperature),  and  this  fact  may  be  exploited  to  measure  this  ratio 
(Ref.  61-  Since  the  method  involves  the  comparison  of  measurements,  absolute  knowledge  of 
the  incident  heat  flux  and  film  thermometer  scale  factor  are  not  needed,  being  replaced 
instead  only  with  the  requirement  that  these  quantities  remain  stable  over  the  duration  of 
tht  tests.  However,  any  change  in  the  total  heat  tlux  absorbed  by  the  surface  coating  as 
a  resu’»-  of  the  application  of  the  reference  fluid  (by  mechanisms  such  as  meniscus 
focusing^  absorption  by  the  fluid  or  by  reflections  from  its  surface)  must  either  be 
negligible  or  quantifiable. 

For  the  first  set  of  tests,  the  sensor  is  placed  in  vacuum  or  still  air.  If 
repre.sents  the  surface  heating,  the  resulting  temperature  rise  according  to  the  theory  is, 
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For  the  second  set  of  tests,  the  sensor  is  placed  in  good  thermal  contact  with  a 
material  of  known  r'ii'cir  by  covering  it  with  a  fluid  of  high  electrical  resistivity.  If 
Qg  represents  the  heat  flux  entering  the  sensor,  and  Qp  that  entering  the  fluid,  than  at 
their  common  boundary  the  teinperature  rise  is  given  by. 
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from  which  it  can  bo  concluded  that, 
Q.  /(pck)_ 
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If  the  total  heat  flux  absorbed  by  the  coating  for  this  second  series  of  tests  is  On, 
where  Qu  Qg  +  Qp,  the  flux  into  the  sensor  is  found  to  be. 


and  the  temperature  rise  at  the  surface  is  therefore, 

a/2 


(45) 


(47) 


It  mj  and  mn  are  the  slopes  of  the  linear  region  of  sensor  temperature,  T,  versus 
the  square  toot  of  time  (i.e.,  from  Eqs.  (43)  and  (47))  for  the  two  conditions,  then 
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and  by  forming  their  ratio, 
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If  the  total  heat  absorbed  by  the  coating  is  the  same  in  both  t.^sts  (as  has  been  verified 
in  this  case) r  this  relation  becomes. 
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and  serves  as  the  basic  relative  calibration  formula.  Note  that  only  ratios  of  the  quan¬ 
tities  appear. 

A  simultaneous  calibration  of  k/d  may  be  obtained  by  extending  the  heating  time  to 
values  very  much  larger  than  the  characteristic  time  of  the  sensor,  t  «  d2/4K.  The  lower 
sensor  begins  to  respond  to  the  surface  heating  at  approximately  time  i  (i  =  1,6  ms  for 
these  gauges),  with  steady  state  conditions  being  achieved  by  t  =  20t.  For  t  >  20t ,  the 
steacy  stare  temperature  difference,  (Tu'l’f, )  gs '  between  the  upper  and  lower  surfaces  of 
the  sensor  becomes  proportional  to  the  applied  heat  flux,  thus  k/d  may  be  found  from, 


(T  -T  ) 
u  k  ss 


(52) 


given  that  Q  is  known. 


The  magnitude  of  Q  could  be  obtained  from  an  independent  measurement  of  beam  inten¬ 
sity  and  surface  absorptivity  (as  would  be  requited  for  an  absolute  calibration).  However, 
when  the  k/d  calibration  is  merged  with  the  relative  procedure,  Q  may  be  calculated 
directly  be  combining  the  Initial  step  response  data  from  the  first  set  of  tests,  Eq.  (48), 
with  the  value  of  /(pck)s  determined  from  the  reftence  fluid  tests,  Eq.  (51).  Substi¬ 
tuting  this  result  into  Eq.  (52)  then  yields  the  desired  expression  for  k/d. 
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It  should  !)t>  pointi-d  out  thjt,  unlike  the  »'iick  testing,  this  expression  requires  that 
the  tilin  thoimouieter  ‘.emperaturL-  cootticients  ot  resistivity  be  calibrated  or,  more 
precisely,  tluit  their  scale  tactors,  it  unknown,  at  least  he  equal. 

4.1  Calibration  Results 

An  argon  ion  laser  wus  used  as  the  radiant  heat  source,  providing  an  incident 
flux  ot  approximately  30  kw/ai^  over  an  area  slightly  larger  than  the  1  mm  square  ot 
the  Cilm  thermometer.  The  laser  output  was  modulated  by  an  electro-optic  modulator  pro¬ 
ducing  a  light  step  with  a  2A  nr>  rise  time.  The  surtace  of  the  sensor  was  blackened  with 
a  r.taedtler  Lumograph  Model-316  non-permanent  marking  pen,  commonly  used  for  view-graph 
presentations.  The  coating  lias  good  opacity  and  low  thermal  inertia,  as  verified  by 
comparing  the  measured  temperature  responses  with  the  parametric  theory  presented  earlier, 
and  its  selection  was  the  result  of  a  large  number  of  em-pirical  tests.  This  coating  has 
the  advantage,  unlike  many  ot  the  other  coating  materials  evaluated,  of  possessing  botli 
higli  electric.ll  resistivity  and  poor  solubility  in  the  reference  fluids. 

The  retorence  tluid  chosen  was  rl  i  buty  Iph  thal  a  te ,  a  commonly  used  heating  bath  medium 
with  electrical  equipment,  because  ot  its  inert  properties  and  high  electrical  resistivity. 
Its  thermal  properties  were  obtained  from  the  manufacturer  and  checked  against  the 
properties  of  the  more  commonly  employed  g lycerol_|^i ng  the  electrical  heating  technique 
on  a  pla  t  imum-qua  r  tx  film  sensor.  Its  value  ot  .'ock  is  estimated  to  be  495  t5%.  Since 
it  is  much  less  viscous  than  glycerol,  it  does  not  produce  measureable  beam  tocusing 
ottects,  as  did  the  latter  fluid. 

A  sample  calibration  is  shown  in  Pig.  1,  from  which  it  can  bo  seen  that  the  top 
sensor  output  is  linear  with  the  square  root  of  time.  The  slopes  m  are  then  calculated 
from  the  least  square  tits  to  the  d-ta  as  illustrated  by  the  1  ine^  From  the.se 
measurements,  we  conclude  that  keck  lor  this  gauge  is  575 (W/m^ ) (k sec ) /“ K  and  k/d  is 
8006  W/(m2°k).  This  represents  a  20o  variation  from  nominal  published  data. 

SMice  the  gauges  are  intended  tor  a  highly  stressed  rotcr  environment,  gauge 
sensitivity  to  strain  must  be  considered.  This  was  evaluated  by  pulling  an  aluminum 
specimen  hearing  a  gauge  in  a  tensile  test  machine.  Strain  sensitivity  proved  to  be 
negligible,  equivalent  to  0.003*0  at  2^  strain. 


5 . 0  Data  Rojiiction  -  Nunctlcal  Analysis  Technique 

The  heat  flux  gauges  have  been  shown  to  be  suitable  for  evaluation  of  the  surface 
heat  flux  to  turbine  blading  at  low  and  high  frequencies  when  the  gauge  characteristics 
can  bo  simply  defined.  At  low  frequencies,  the  heat  flux  can  be  evaluated  directly  from 
the  measured  temperature  diffotence  across  the  insulator,  and  at  high  frequencies  through 
the  use  of  semi-infinite  procedures.  The  miraetical  t.chnique  described  here  of  reducing 
the  two  temperature  histories  to  heat  flux  expands  the  frequency  range  of  the  gauges  to 
include  the  regime  between  DC  and  semiinfinite  response. 

AS  with  most  numerical  techniques,  discretization  of  the  governing  equations  is 
required,  including  distribution  of  calciilat ional  stations  or  nodes  through  the  ifisulator. 
In  order  to  provide  accurate  prediction  ot  the  surtace  heat  transfer  rate,  the  distribution 
ot  the  calculation  nodes  must  be  such  as  to  accurately  capture  the  varying  temperature 
field  in  the  insulator. 


The  governing  heat  conduction  equation  is: 

3^T  ,  ...  3T 

3x2  -  3t- 


For  low  iroquenoy  heat  tcanstec  cate  variations,  the  time  derivative  in  the  above 
equation  approaches  zero,  wind  thus  a  constant  temperature  <jtadient  is  expected  across  the 
insulator.  Since  this  is  a  linear  solution,  the  exact  placement  ot  nodes  in  the  substrate 
is  not  crucial. 


As  the  excitation  troquency  increases,  however,  the  upper  surtace  temperature  signal 
is  attenuated  through  the  insulator  until,  at  very  high  trequencies,  the  insulator  appears 
semi-inl inite.  The  expected  temperature  solution  will  be i 
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T  =  Ac  coC'lut-Kx)  where;  K  =  /T^-^woc/k)"  (5^) 


|T|  =  Ae''^’'  (56) 

Thus,  the  magnitude  of  T  decays  exponentially  through  the  insulator  and  a  logarithmic 
spacing  can  be  used  to  capture  the  temperature  p.  ifiJe  efficiently  in  the  numerical 
scheme.  The  numerical  technique  utilizes  a  lumped  network  ot  discrete  elements  of  loga¬ 
rithmically  varying  thermal  conductivity  and  thermal  capacity  to  calculate  the  surface 
heat  transfer  rate".  The  increasing  thermal  impedance  ot  each  element  ot  the  network 
corresponds  to  placing  the  temperature  nodes  at  logarithmically  increasing  distance  into 
the  substrate. 

The  heat  conduction  equation  is  discretized  in  finite-difference  form  (for  non-uniform 
node  solacing)  as: 
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Thn  solution  ot  this  lumi^cd  network  equation  is  an  extension  of  the  v;ock  published  by 
Oldfield  et  ai.  (Uof.  141  for  the  design  ot  high  frequency  lumped  »,C.  networks  tor  the 
analogue  evaluation  ot  boat  transfer  rates  to  semi- int in i te  substrates.  Oldfield's  work 
was  concerned  with  the  simulation  ot  the  semi-infinite  heat  conduction  process,  thus  is 
not  directly  applicable  to  the  tinite  thickness  heat  flux  gauges  desetibod  in  this  paper. 
The  tinite  thickness  heat  tlux  gauge  was  accounted  for  by  adding  an  extra  thermal 
resistance  at  the  end  of,  the  lumped  network,  thereby  tcansfocming  it  from  a  semi-infinite 
to  a  tinite  length  line. 


n.iaation  (57)  can  be  written  in  matrix  form  (simulating  a  finite  length  line) 
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T(io  linitfi  length  line  now  requires  two  inputs,  the  ti.c.petature  oE  the  upper  surEace, 
oE  the  insulntct  and  the  temperature  o£  the  lower  sutlace,  Tj .  The  resulting  set  oE 
coupled  equations  is  solved  by  a  Eourth  order  Runqe-Kutta  method  to  generate  the  upper 
surEace  heat  tlux  rate  Etom  the  calculated  temperature  drop  across  the  Eirst  element  ot 
the  network. 


The  selection  o£  the  thermal  impedance  o£  each  of  the  elements  is  set  to  satisfy  the 
rollowing  conditions; 

1)  the  finite  thickness  of  the  insulator  must  be  mirrored  in  the  total,  thermal  impedance 
oE  the  network : 

?.)  0Ck  Eor  each  element  must  equal  the  physical  value; 

3)  the  thermal  impedance  of  the  first  element  Is  set  by  the  tf,..<ied  network  bandwidth; 
and 

4)  the  number  of  nodes  requited  in  the  insulator  sets  the  logarithmic  spacing  ot  all  but 
the  first  element. 

The  accuracy  of  such  a  lumped  network  simulation  can  be  established  by  back-calcula¬ 
ting  the  incident  heat  transfer  rate  tor  exact  analytical  upper  and  lower  temperature 
solutions  in  specific  cases.  Two  cases  were  studied:  a  step  change  in  heat  flux,  and  a 
sinusoidal  heat  flux  variation. 

Figure  8  shows  the  normalized  heat  transfer  rate  variation  calculated  using  exact 
upper  and  lower  surface  temperature  solution.?  for  a  step  change  in  heat  transfer  rate 
applied  to  a  gauge  glued  to  an  aluminium  substrate.  The  calculated  response  is  shown  for 
five  network  upper  frequency  limits,  all  with  nine  stages  used  to  discretize  the 
temperaturo  field. 

Figure  9  .shows  the  frequency  response  ot  a  100  kHz  bandwidth  network  with  nine  stages. 
The  input  temperatures  were  exact  solutions  to  the  heat  conduction  equation  for  a 
sinusoidal  heat  flux  variation  on  a  gauge  glued  to  an  aluminium  substrate.  The  magnitude 
and  phase  data  presented  in  this  figure  is  therefore  relative  to  the  driving  heat  flux 
rate  variation.  The  .agreement  between  the  exact  and  numerical  methods  is  within  0.3% 
over  the  5  to  2000  liz  band  which  is  difficult  to  recover  otherwise. 


The  effect  ot  changing  the  number  of  elements  used  in  the  network  on  the  error  in 
reconstructing  a  sinusoidal  heat  transfer  rate  tor  a  nominal  100  kHz  bandwidth  is  shown  in 
Fig.  10.  It  can  be  seen  that  the  errors  ate  ti  .atlvely  insensitive  to  the  number  of 
stages  chosen  fc?t  the  network,  and  are  more  closely  tied  in  with  the  specification  of  the 
thermal  impedance  of  the  first  element  in  the  network. 


6.0  Heat  Flux  Measutementc 


A.S  an  initial  test  of  the  gauge  technology,  the  heat  tlux  gauges  were  mounted  on  the 
station.ary  outer  tip  casing  above  the  rotor  of  a  transonic  turbine  in  the  MIT  Ulowdown 
Turbine  Facility.  A  time  history  of  the  top  and  bottom  temperature  sensors  of  a  gauge  is 
shown  in  Fig.  It.  At  time  equal  to  zero,  the  tunnel  is  in  vacuum  and  the  sensors  ate  the 
same  temperature.  After  the  starting  transient,  the  tunnel  operation  is  then  quasi-steady 
(from  250  ms).  The  metal  sut;stratc  temperature  remains  constant  while  the  inlet 
temperature  slowly  drops,  reflecting  the  isentropic  expansion  from  the  supply  tank.  This 
is  seen  in  the  decrease  in  the  top-hottom  temperature  difference  and  thus  in  heat  flux 
over  the  test  time.  The  thick  line  of  the  top  sensor  output  is  the  envelope  of  the  high 
frequency  heat  flux  components. 


The  heat  flux,  as  calculated  by  the  numerical  data  reduction  technique  from  these  two 
signals  starting  at  300  ms,  is  shown  in  Fig.  12.  The  blade  passing  frequency  is  approxi¬ 
mately  6  kllz  and  the  sampling  frequency  is  200  KHz.  Note  that  the  relatively  small 
amplitude  of  the  high  frequency  temperature  fluctuation  on  the  top  sensor  in  Fig.  11 
actually  represents  .rn  ac  heat  Dux  modulation  of  80%.  The  small  ac  temperature  signal 
relative  to  the  dc  reflects  the  rolloff  in  sensitivity  discussed  in  the  gauge  theory. 
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Tho  liOiit  flux  timo  vni  iat.  iou  on  tho  tip  casincj  v/as  quite  periodic  with  blade  pasiiinq, 
’I’h  i  :i  iacilitatod  oop.fst  ruot  ion  of  a  contouL'  plot  ot  tho  casing  iieat  flux  distribution  from 
a  lino  ol.  qauqoii  acr.'.nqod  over  the  blade  chord.  This  is  nliov/n  in  Fig.  13  alonq  with  a 
s  imu  Itaneouii  wall  static  picssuro  moasuromont.  The  blade  outlines  are  indicated,  as  are 
tho  transducer  locations.  Overall,  a  very  hi<jh  level  of  both  mean  and  time  varying  heat 
flux  i:>  soon  with  the  peak  levels  on  the  order  ot  that  at  no/.'/.le  guide  vane  loading  edge. 

/-O  Conclusions 

A  multilayer  heat  flux  gauge  has  boon  developed  which  successfully  moots  all  ot  it.s 
design  criteria.  It  is  directly  applicable  to  metal  blading  in  largo  numbers,  has 
ticquoncy  response  extending  from  DC  to  100  kllz,  does  not  introduce  t  lov/  disturbance,  and 
i  r,  well  suited  to  rotating  frame  applications.  Those  gauges  are  now  being  extensivoly 
used  in  tl.o  turbine  research  program  at  MlT. 
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Fig.  I  Schoraatic  cross-sect  ion  ot  multi¬ 
layer  heat  flux  gauge 


Fig . 
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3  Harmonic  frequency  response  ol 
gauge  normalized  to  the  direct 
or  shunt  mode  frequency,  uc,  os 
a  function  of  cutoff  fractional 
olue  thickness 
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Fig.  2  Geometry  of  gauge  in  analytical 
model 
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Semi-infinite  mode  normalized 
time  response  of  upper  and  lower 
sensors  to  a  step  in  heat  flux 
as  a  function  of  fractional 
glue  thickness. 
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DISCUSSION 


F.KaiiicItc,  I'l' 

What  is  the  Icntperauirc  liniiliilion  fur  the  heal  iliix  gauges  llial  you  presented? 

Du  you  try  to  develop  heal  tlux  gauges  foi  higher  temperature  ranges? 

Author's  Reply 

The  oOO'K  upper  leinperalure  limit  is  a  very  real  one  lor  hoth  this  material  and  the  leelmi(|ue  of  tising  a  flexible  film  in 
general.  Kapton  is  the  highest  tcm|)eratiire  flexible  material  which  we  have  identiried  svhieh  is  comparable  with  bonding 
leehni(|ues  rct|uired  i  ai  on  blade  use. 

For  hot  engine  environments,  work  is  proceeding  at  several  establishments  using  refractory  materials  (/.irconia,  etc.) 
deposited  directly  on  the  blade  surface.  Obviously,  this  is  a  inucli  nuire  difncult  environment,  and  is  not  being 
addressed  at  Mi  l'  at  this  time. 


K.Eggcbrechl,  Ge 

I  would  like  to  commei'i  on  it  fnregc.ing  (juc.stion  concerning  the  maximal  o|x:raling  temperatures.  At  M  TU,  we  also 
work  very  sticcc.ssfully  with  Kaplun  and  Nl-layers.  As  the  author  mentioned  Kapton  is  limited  to  about  bOU’C  max.  In 
order  to  increase  temperature  capabilities,  wc  are  Umking  at  ceramic  layers  as  for  instance  zirconia  oxide. 

My  question  to  the  author: 

Did  you  experience  problems  with  stable,  reproducible  electrical  resistance  as  wc  did  at  MTU?  These  properties  seem 
to  depend  on  smallest  deviations  in  fabrication  processes.  Furthermore,  llte  mode  of  heating  during  calibration  or  test 
may  affect  the  results.  tVhat  is  yottr  experienee? 

Author's  Reply 

Yes!  Wchave  traeed  problems  with  changing  resistance  to  cracking  of  the  metal  Tilms  caused  by  intrinsic  stress  induced 
in  the  metal  during  deposition.  Often  these  cracks  are  a)  multiple  and  b)  not  visible  even  under  high  magnification.  The 
stress  level  is  very  sensitive  to  the  processing  details  (de|>usition  rate  and  process  pressure  in  particular).  Only  giitigcs 
which  arc  crack  free  give  usable  results  and  thc.se  have  proven  to  be  extremely  stable  (>0.2%  on  TCR). 

Originally,  we  used  an  oven  for  'I'CR  calibration  and  did  nut  get  very  goixl  results.  We  now  use  a  liquid  circulation  bath 
of  a  fluorocarbon  liquid  (Dow  Flousinest  FC-77)  and  find  the  results  to  l>e  extremely  rcprodttciblc.  'fhe  dynamic 
calibration  was  initially  attempted  ttsittg  the  capacitive  discharge  technique  uscil  by  Oldfield  and  his  colleagues  at 
Oxford.  This  did  not  give  satisfactory  results  because  the  films  arc  not  wide  compared  lo  llte  insulation  thickness,  thus 
the  heat  addition  eaiiiiol  be  considered  one-ditncnsional.  Also,  wc  found  the  Kiipton  lo  be  (fuile  hygroscopic.  Wnshing 
the  surface  with  water  would  introduce  su|>crior  results  of  large  magnitude. 


A.is.Baurguignun,  Fr 

Nous  iitilisoiis  uctuellemcnt  des  fluxmetres  pciliculaircs  dti  mcme  type.  Nous  avons  reconircs  uii  certain  noinbre  de 
probicmes:  tenu  du  Kapton  sur  les  atibes,  temperature  limilc  acceptable  par  Ics  fluxinetrcs,  diircc  dc  vie  de  eeux-ei. 
I’ourricz-vous  nous  dire  si  volts  avez  rccontre  les  memes  problemcs? 

Author’s  Reply 

Wc  find  no  problem  with  using  Kapton  at  .SSII’K.  The  gauges  have  been  aged  til  temperature  for  72  hours  with  no 
appreciable  change  in  calibration.  Wc  also  thermally  cycle  the  gauges  by  thermally  shucking  them  (sudden  immersion  in 
a  healed  li(|Uid)  and  see  only  minor  calibration  shifts.  Note  that  we  anneal  the  Kapton  tit  40Q'C  for  I  hour  Ircforc  gauge 
inaiiufacture  in  order  to  reduce  the  stresses  introduced  during  the  film  production.  In  general,  gauges  manufactured 
with  minimal  intrinsic  stresses  in  the  metal  have  proven  lo  be  exiremely  stable  over  a  periorl  of  weeks  and  months.  Of 
course,  the  iictual  lime  during  which  our  gauges  are  exposed  lo  the  gas  flow  field  in  tile  turbine  sums  to  only  a  few 
seconds  since  we  use  them  only  in  a  short  duration  test  facilily,  thus  mechanical  durability  has  not  been  it  problem. 
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SUMMARY 


of  c 


An  accurate  assessnent  of  heat  transfer  rates  to  turbine  vanes  and  blades  is  an  Important  aspect 
fficlent  cooling  system  design  and  coaponent  life  prediction  in  gas  turbines. 

Techniques  have  been  developed  at  Oxford  University  which  peralt  auch  neasurenenta  to  be  obtained 
In  test  rigs  which  provide  short  duration  steady  flew  through  a  turbine  cascade.  The  temperature  ratio 
between  the  gas  stream  and  the  turbine  correctly  models  that  found  in  an  engine  environment.  Reynolds 
number  and  Mach  number  can  be  varied  over  a  wide  range  to  natch  engine  conditions.  'Ihe  design* 
construction  and  operation  of  a  new  facility  at  RAE  Pyestock,  incorporating  these  technlquesi  is 
described. 

Heat  transfer  and  aerodynaalc  measurements  have  been  made  on  aerofoil  surfaces  and  cndwalls  of  a 
fully  annular  cascade  of  nozzle  guide  vanes.  Tliese  results  are  discussed*  and  compared  with  those 
obtained  from  the  same  profile  In  2-D  cascade  tests,  and  with  computed  3*D  flow  predictions* 

RESUME 

Une  ^voLustlon  precise  dea  flux  dc  chaleur  aux  aubee  et  allettes  dc  turbines  constltue  un  facteur 
important  pour  une  bonne  conception  dcs  syst^os  de  ref roidlssemcnt  et  pour  la  prediction  de  la  dur^e  de 
vie  dcs  composantes.  dans  les  turbines  d  gas. 

Dcs  techniques  ont  4t€  mlses  au  point  A  I'UnlversltA  d'Oxford.  qui  permettent  d'obtenlr  ces 
raesures  dans  des  bAtls  qui  assurent  un  (couleneAt  constant  de  courte  dur4e  A  travers  d'une  grille  de 
turbine.  Le  rapport  entre  Is  tcaplrature  du  Jet  de  gas  et  celle  dc  Is  turbine  reprodult  fiddlement  celul 
observf  dans  un  milieu  moteur.  On  peut  verier  le  nombre  de  Reynolds  et  le  nombre  dc  Mach  aur  une  ganme 
6tendue  pour  correapondre  sux  conditions  de  fonctionnement  des  noteurs.  L'exposi  donne  done  des 
precisions  an  sujet  de  la  conception,  construction  et  aise  en  oeu%'re  d*une  nouvcile  Installation  r^lid^ 
au  RAK  Pyestock  od  ces  techniques  sont  appllqu6e9. 

Dcs  nesuros  dc  transfert  thecolque  et  alrodynamiques  ont  §t(  prises  sur  les  surfaces  de  profll  et 
les  parole  d'extr&mit^  d'unc  grille  d'aubes  directrices  comply cmeiit  annulalre.  Ces  resultats  sont.  dans 
l*expus&.  discutAs  et  compares  avec  ceux  obtenus  avec  le  mSme  profll  lots  d'cssals  de  grilles  A  deux 
dimensions  ainsl  qu*avec  les  calcuLs  dc  I'Acoulement  A  trols  dimensions* 
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SUKSCRll‘TS 

<1  conditions  on  Inlet  side  of  piston  Dos  design  conditions 

b  conditions  on  exit  side  of  piston  inlC  initial  conditions  in  puap  Lube 


I »  INTEODUCTIOM 

For  nany  yQ«cs  It  has  been  recognised  wltliln  the  gas  turbine  Industry,  and  by  its  customers,  that 
the  design  of  an  clflclcnct  litgh  pressure  turbine  with  adequate  coaponenc  life  Is  crucial  to  the  success 
of  any  gas  turbine  engine  project,  military  or  civil.  The  interactions  between  the  demands  of  the 
aorodynamlcist,  the  blade  cooling  specialist,  the  octallurglst,  the  stress  engineer  and  the  production 
engineer  are  unique  and  nake  the  evolution  of  efficient,  reliable,  designs  one  of  the  most  challenging 
tasks  in  the  industry.  Inherent  In  the  design  process  Is  the  need  to  predict  accurately  the  aerodynamic 
flow  and  external  heat  transfer  distributions  t.'^onnd  Che  aerofoils  and  on  the  endwall  surfaces. 

The  Increasingly  complex  three-dimensional  geometry  of  HP  turbine  components  compounds  Che 
problems  of  accurate  prediction.  Uhllsc  thooreticai  techniques  have  Improved,  tlicre  are  still 
deficiencies  in  the  Industry's  knowledge  which  must  be  remedied  In  order  to  reduce  the  need  for  a 
protracted  development  ptiase  for  new  projects.  The  need  for  high  quollty  experimental  data  Is  still 
paramount,  both  to  understand  the  performance  of  current  and  proposed  designs  and  as  a  basis  for  the 
dcvclopmoist  and  vnlid^rtion  of  theoretical  prediction  methods. 

Some  major  advances  In  the  techniques  for  measuring  heat  transfer  to  turbine  blading  originated 
from  research  at  the  Department  of  Engineering  Science  of  Oxford  University.  Studies  of  blade  cooling 
using  shock  tunnels  and  specialised  InatrumciitaCion  techniques  for  measurement  of  heat  transfer  began  In 
the  lace  I960's,  lending  to  the  development  of  a  novel  fora  of  Internittcnt  wind  tunnel  specifically  for 
this  work. 

The  Isenttoplc  bight  Alston  Tunnel  (ILP'f)  in  the  Osney  Laboratory  at  Oxford^  has  been  producing 
high  quality  heat  transfer  and  aerodynamic  data  for  over  a  decade.  The  results  of  this  work  have  been 
used  to  improve  prediction  nctliods.  However,  detailed  knowledge  is  still  lacking  in  two  areas,  endwall 
heat  transfer  and  rotational  effects.  Correct  simulation  of  endwall  heat  transfer  requires  an  annular 
cascade  where  secondary  flows  develop  in  a  realistic  environment.  This  paper  describes  the  design  and 
acquisition  of  such  a  facility  at  RAE  Fyescock,  known  as  the  Iscntroplc  Light  Piston  Cascade  (ILPC).  The 
design  of  Che  new  tunnel  was  such  chat  it  could  be  duvcloped  at  u  later  date  to  address  the  second 
pi'obloa  urea  mentioned  above,  chat  of  rotational  effects. 

2 .  THE  PRINCIPLES 

The  techniques  and  facilities  doveluped  at  Oxford  have  been  widely  reported ^ ^ but  for 
completeness  a  brief  summary  of  the  principles  is  Included. 

For  raoasurenent  of  heat  transfer  from  the  gas  to  turbine  components  It  has  been  shown^  that  it  is 
hcceptublc  to  model  the  gas  to  metal  temperature  ratio  rather  than  actual  temperatures.  Thus,  although 
the  gases  entering  >i  turbine  may  he  at  around  1500K  and  the  blades  at  lOOOK,  terts  with  blades  at  ambient 
temperaturu  (266K)  only  require  a  teat  gus  temperature  of  432K.  By  using  thin  film  rcsls»''ncc 
thermometers  on  an  insulating  substrate  of  known  thermal  properties  to  record  local  surface  ;cmperatures 
on  the  blades,  and  by  considering  the  flow  of  heat  Into  the  body  of  tlie  blade  to  be  onc'dimenslonal  over 
short  time  periods,  local  heat  transfer  rates  may  bo  deduced* 

llent  transfer  measurenents  may  therefore  be  made  by  passing  moderately  heated  gas  over  test  blades 
for  a  period  Just  long  enough  to  record  ihv  response  of  surface  temperatures  to  the  passage  of  the  hot 
gns.  The  U.FT  end  its  associated  Instrumentation  techniques  were  developed  to  do  this. 

A  gas  total  temperature  of  432K  can  be  obtained  .by  an  Iscntroplc  compression  of  modest  pressure 
ratlu  from  an  InltlaL  temperature  of  288K.  The  test  gas  is  contained  within  a  tube  and  is  compressed 
iseiitroplcaily  by  a  pistun  which  Is  driven  along  the  tube  by  a  flow  of  air  from  o  high  pressure 
reservoir.  When  the  gas  has  been  compressed,  and  hence  heated  to  the  required  temperature,  o  fast  acting 
valve  is  opened,  which  allows  the  compressed  gas  to  flow  through  a  cascade  of  aerofoils  in  the  working 
section  (Fig  i>. 


Initial  pressures  In  the  pump  tube  and  downstream  of  tlie  working  section  can  be  pre-set  to  control 
the  Reynolds  number  and  Mach  number  of  the  flow  through  the  working  section.  The  area  of  the  throat 
admitting  high  pressure  air  behind  the  piston  is  matched  to  the  throat  area  of  the  test  cascade  so  that 
volumetric  flew  rates  Into  and  out  of  ihc  tube  arc  equal  and  thus  conditions  in  the  working  section  are 
const!  nt  over  the  tost  period.  An  Idealised  pressure-time  relationship  during  a  run  is  shown  in  Fig  2. 

Signals  from  instrunenlntlon  in  the  test  cascade  are  recorded  during  the  run.  Even  in  the  sliort 
times  available  (typically  0.5  seconds)  it  Is  practical  to  record  aerodynamic  as  well  as  heat  transfer 
data  provided  that  care  is  taken  to  tninimise  transducer  tubing  lengths  and  voliuaes. 

The  derivation  of  heat  transfer  rates  from  surface  temperatures  nay  he  done  numerically.  However 
It  can  be  done  much  more  simply  and  directly  by  the  use  of  an  electrical  analogue  circuit. 


The  ouo-'dimcnslonal  heat  conduction  equation 


-  (pc/lt)(aT/8t) 

for  0  body  with  density  p  and  thernal  properties  c  and  k  Is  analogous  tu  the  equation 

d^v/ox^  =■  Rc<av/at) 

for  the  variation  of  voltage  with  distance  and  tine  along  an  RC  tranaaission  line*  Thus  if  the  voltage 
outputs  from  thin  film  resistance  thermonkctcrs  arc  fed  into  suitable  analogue  circuits,  the  current 
outputs  from  these  circuits  will  be  proportional  to  heat  transfer  rate. 

The  advantages  of  using  such  analogues,  and  details  of  the  circuits,  arc  covered  fully  In  Ref  4, 
and  the  design  of  more  recent  analogues  with  improved  frequency  response  Is  given  In  Ref  6* 

Testing  at  reduced  temperature  offers  two  further  benefits.  Firstly,  as  may  be  seen  from  Fig  3, 
at  the  lower  temperatures  a  design  Reynolds  number  simulation  can  be  achieved  at  only  20-25Z  of  the 
pressure  levels  required  at  typical  engine  temperatures.  This  significantly  reduces  rig  otressng 
problems.  Secondly,  easily  machlneable  materials  can  be  used  for  the  construction  of  test  blades  and 
other  parts. 

71)0  use  of  short  duration  test  facilities  Is  also  advantageous  from  the  point  of  view  of  power 
requirements.  To  teat  a  full  scale  set  of  nozzle  guide  vanes  for  a  typical  civil  engine  at  maximum 
operating  conditions  in  a  continuous  flow  rig  would  require  approximately  20  MW.  Tl.e  high  pressure 
compressor  for  the  tLPC  Is  rated  at  43  kW. 

3.  THR  RCqUlBEHENTS 

*rhc  specification  for  the  new  tunnel  required  It  to  be  capable  of  testing  a  full  size  annular 
cascade  of  nozzle  guide  vanes  from  a  large  civil  engine  at  correct  Reynoldc  number  and  Mach  number.  ITiis 
demanded  a  pump  tube  with  a  large  volume.  Tlie  bore  of  the  tube  must  be  within  close  tolerances  and  have 
a  fine  finish  to  permit  smooth  travel  o£  the  free  piston.  Experlcttce  with  the  Oxford  Unlvlirsity  tunnels 
had  shown  that  a  surface  finish  of  0.4  pa  was  a  realistic  target.  The  pump  tube  for  the  cascade  facility 
at  Oxford  has  an  Internal  diameter  of  0.6  m,  and  the  manufacturers  of  that  tube  estimated  that  a  maximum 
bore  of  1.2  n  was  possible  with  a  length  of  9  n.  These  dimensions  were  therefore  adopted  as  the  basis  of 
the  design  of  the  new  facility. 

The  tunnel  was  to  be  provided  with  a  comprehensive  Instrumentation  system,  including  64  channels 
of  heat  transfer  data  and  06  channels  of  pressure  data. 

A  prime  requirement  was  that  the  operation  of  the  tunnel  should  not  be  labour  intensive  and  should 
as  far  as  practical  be  Independent  of  site  air  supplies. 

4 .  THE  DESIGN 

4.1  KKYNOLDS  NUMBER  AND  MACH  NUMBER  CAPABILITY 

The  Reynolds  numbers  relevant  to  the  HP  nozzle  guide  vanes  of  large  civil  bypass  engines  are  in  a 
range  i|>  to  approximately  4.73  ^  10^  (based  on  inlet  total  conditions,  exit  Hsch  No.  ond  true  chord). 

For  military  applications  the  sea  level  dash  conditions  may  increase  this  to  around  7  ^  10^  with  only 
minor  changes  in  nozzle  exit  Mach  number.  The  advantages  to  be  gained  from  testing  at  lower  gas 
Lomperntures  have  been  outlined  earlier.  Taking  as  an  example  an  engine  turbine  entry  temperature  of 
I  .  3K  (consistent  with  the  Reynolds  number  of  4.73  x  10^)  and  nozzle  exit  Hach  number  M»l,  it  can  be  seen 
fton  Fig  3  that  the  cascade  operating  pressure  would  be  reduced  by  a  factor  of  approximately  3.67 
relative  to  engine  conditions  by  operating  the  test  rig  at  a  temperature  of  432K*  Thus  s  test  rig 
pressure  of  only  0*68  MPa  would  be  needed  to  correctly  simulate  an  engine  pressure  of  2.3  MPa. 

Accordingly  the  cascade  design  maxlnua  pressure  was  set  at  1.2  HFa,  which  allows  a  significant  Increase 
in  Reynolds  number  above  design  values.  Similar  conclusions  apply  to  military  engine  applications  where, 
for  a  gas  to  wall  temperature  ratio  of  1.3,  a  Reynolds  number  of  7  x  can  be  obtained  with  a  total 
pressure  of  approximately  0.825  HPa.  Once  again,  a  maxiaua  design  pressure  of  1.2  HPa  is  more  than 
adequate. 

The  free  piston  cascade  has  considerable  flexibility  In  Its  operating  regime.  The  total 
temperatutc  may  be  varied  over  a  range  from  ambient  to  approxitzately  twice  ambient  simply  by  increasing 
the  compr.'sslon  ratio.  For  purely  aerodynamic  studies  such  as  Mach  number  distribution  and  loss 
measurements  it  Is  not  necessary  to  operate  the  cascade  with  an  elevated  total  temperature.  The 
maximum  flow  duration  is  obtained  by  driving  the  air  in  the  pump  tube  through  the  working  section  without 
any  compression. 

The  initial  pressure  required  in  the  pump  tube  before  compression  may  be  obtained  from  the 
required  temperature  ratio  by  the  Isentroplc  relationship 


As  an  example,  a  gas-to-vall  temperature  ratio  of  1.3  gives  a  ratio  of  F/P^Qj^t  of  4.13,  so  that 
for  a  cascade  operating  pressure  of  0.6  MPa  an  initial  pressure  of  0.19  MPa  would  be  required.  For 
operation  at  reduced  Reynolds  numbers  the  Initial  pump  tube  pressure  may  be  below  atmospheric,  so  that 
modest  vacuum  sealing  Is  required. 
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Bxit  Mnch  luunbcrs  froai  the  no27.lc;i  of  modoru  engines  arc  In  the  range  0.7  to  1.3,  corresponding  to 
pressure  ratios  across  the  cascade  of  approxlnntcly  1.4  to  2.8.  This  defines  the  working  pressure  range 
for  the  dutup  tanks,  the  examples  quoted  previously  would  require  dump  tank  initinl  pressures  of 
0.383  MPa  and  0.436  MPa.  A  tnaxlmvua  design  pressure  of  0.5  MPa  and  a  minimum  pressure  of  LO  kPa  were  used 
for  the  tank  design*  Should  higher  nozxle  exit  pressures  be  required  in  the  future,  a  second  throat 
could  he  fitted  between  the  cascade  and  the  dump  tanks. 

4.2  KhOW  DURATION 

The  'tube  time',  le  the  time  taken  to  expel  all  the  gas  Initially  in  the  pump  tube  through  the 
vane  throats,  is  defined^  by 

T  .  W 

^tube 

Where  V  «  Pump  tube  volume 

Ajj*  *  Cascade  threat  area 
qq  »  speed  of  sound  at  Initial  pump  tube  conditions 
and  P  •*  fCy) 

The  actual  flow  duration  is  less  than  this  because  of  the  compression  required  to  heat  the  gas, 

thus 


The  flow  duration  Is  seen  to  be  strongly  dependent  upon  the  temperature  ratio  4  plot  of 

^run  ^b*  ^  range  of  values  of  T  from  an  In'tlal  temperature  of  288K  Is  shown  In  Fig  4  for 

W  »  9.3  m^,  the  design  target*  It  may  be  seen  chat  for  vane  throat  areas  In  Che  range  0*02  to  0.04  tn^ 
ciie  flow  duration  varies  from  0.6  secs  to  0.3  secs  with  T  *  432K.  This  was  considered  to  be  more  than 
adequate  for  heat  transfer  rate  measurements.  For  purely  aerodynamic  measurements^  running  the  tunnel 
"cold"  Is  acceptable  and  It  can  be  seen  from  Fig  4.  that  for  a  value  of  T  of  288K  Che  corresponding  flow 
durations  are  increased  to  2.6  and  1.3  seconds  respectively. 

4.3  MATCHING 

Constancy  of  total  pressure  during  the  run  time  of  the  cascade  requires  that  the  volumetric  flow 
r.ito  from  the  high  pressure  cylinders  into  the  region  behind  the  piston  Is  equal  to  that  leaving  through 
the  NGV  throat  area. 

If  it  Is  assvuaod  that  the  reservoir  gas  is  brought  to  rest  In  the  tube,  thereby  recovering  the 
reacrvolr  temperature  ,  the  volumetric  flow  rate  entering  the  pujJip  tube  from  the  reservoir  Is  given  by 


The  voliunctric  flow  rate  through  the  NGV  throats  Is  given  by 


»Vb* 


"Matching"  of 
P  “  *  P^j,  so  that 


these  two  volumetric  f\cv  rates  occurs  when  at  a  pressure  In  the  pump  tube 

the  matching  ma'^s  flow  from  the  reaervolr‘>  is  given  by 


n 


r 


PVb*** 
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In  practice  the  necessary  adjustments  In  may  be  achieved  either  by  changing  the  reservoir 
throat  area  or,  more  readily,  by  changing  the  reservoir  pressure. 

3.  THE  FACtLITT 

Installation  was  completed  at  Fyestock  la  the  Spring  of  1964* 

The  main  features  of  the  cascade  and  Its  associated  plant  can  be  seen  on  Fig  3.  The  driver  system 
comprising  high  pressure  reservoirs.  Inlet  valves  and  pipework,  is  mounted  above  the  pump  tube.  Al**  from 
theae  reservoirs  la  admitted  to  the  tube  through  the  collector  ring.  The  annular  working  section 
containing  the  test  var.es  exhausts  into  three  interconnected  dump  tanks. 

the  pump  tube  and  dump  tanks  may  be  pressurised  by  a  mediiua  pressure  compressor  or  evacuated  by 
vacuum  puops  prior  to  a  run. 
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A  bursting  disc  is  fitted  at  the  dished  end  of  the  puap  tube  to  vent  the  systeo  should  the 
pressure  in  the  punp  tube  exceed  L.2  MPa.  A  bursting  disc  Is  also  provided  on  the  dunp  tanks  to  prevent 
Inadvertent  over^pressurlsation  beyond  their  0.5  MPa  design  pressure.  Two  large  hydraulically  operated 
claap  rings  arc  used  to  hold  the  dished  end  onto  the  collector  ring  and  the  bolster  plate  onto  the  pump 
tube  (sec  Fig  6).  Hiese  specially  designed  clanp  rings  permit  rapid  removal  of  the  dished  end,  for 
Inspection  of  the  piston  and  punp  tube  bore,  and  of  the  working  section.  A  large  reinforced  rubber 
bellows  between  the  Intermediate  exhaust  tank  and  the  diiap  tanks  allows  for  expansion  between  the  pump 
tube  and  working  section  assembly  and  the  dump  tanks.  Ttie  punp  tube  and  working  section  are  rigidly 
mounted  on  bedplates  In  the  test  cell. 

The  Pyestock  facility  differs  from  the  Oxford  tunnel  in  two  major  areas.  Firstly,  because  of  the 
annular  cascade,  a  plug  valve  Is  used  to  Isolate  the  working  section  rather  than  the  gate  valve  on  the 
Oxford  tunnel  which  has  a  linear  cascade.  Secondly,  it  wao  decided  chat  by  using  an  ultra-lightweight 
piston  constructed  from  carbon  fibre  reinforced  composite  materials.  It  would  be  possible  to  dispense 
with  the  compensating  system  (which  provides  additional  inlet  flow  during  the  compression  phase and 
thus  simplify  the  facility* 

The  control  room  containing  the  data  acquisition  computer  with  Its  associated  electronic  equipment 
and  the  plant  and  rig  control  paneis  is  situated  above  the  cascade*  the  facility  Is  equipped  with  its 
own  high  pressure  (21  MPa)  and  Intermediate  pressure  (2  MPa)  compressors  and  vacuum  pumps  and  Is  thus 
independent  of  the  site  air  supplies. 

To  simplify  the  preparation  of  the  facility  before  each  test  run,  a  programmable  logic  controller 
is  used  to  interlock  all  vnlvc  operation*  tills  controller  is  linked  to  the  main  rig  conputer  so  that 
different  logic  sequences  can  be  fed  to  the  controller  for  different  rig  operating  requirements. 

5.1  PLUG  VALVK 

Hie  tunnel  is  designed  to  accommodate  full  360*  cascades  of  vanes  ao  that  a  concentric  inlet  flow 
Is  required.  This  Is  achieved  by  using  a  central  fast*acttng  plug  valve,  which  can  be  seen  in  schematic 
form  in  Fig  6. 

In  its  fon^ard  or  closed  position  the  valve  seals  the  working  section  from  the  pump  tube.  In  its 
fully  retracted  position  the  nose  of  the  plug  forms  a  smooth  Inlet  to  the  diffuser.  The  valve  has  two 
internal  chambers  whlcli  are  pneuraatlcally  Isolated  by  a  fset-acting  shuttle  valve.  The  forward  chamber 
Is  pressurised  to  a  level  sufficient  to  keep  the  valve  closed  against  the  maxlnmn  pump  tube  pressure  for 
the  particular  operating  condition*  The  rear  chamber  Is  maintained  at  a  lower  pressure.  The  valve 
notion  is  initiated  from  the  rise  in  pressure  tn  front  of  the  piston  aa  it  travels  down  the  tube*  At  a 
pre**sct  level  this  pressure  rise  triggers  the  shuttle  valve  and  the  two  chambeia  are  Interconnc  :tcd.  Gas 
from  the  fruiit  chamber  vents  into  Che  rear,  lowering  the  pressure  in  the  front  chamber.  The  valve  body 
accelerates  rearwards  under  the  Influence  of  the  differential  pressure  on  Its  front  face*  The  concentric 
piston  on  the  central  shaft  acts  as  a  damper  as  it  passes  through  the  central  orifice  which  carries  the 
shuttle* 

The  valve  opening  time  Is  In  very  close  agreement  with  predictions  and  Is  typically  of  the  order 
of  30  ms, 

5.2  LIGHTWKIGKT  PISTON 

In  the  0.6  n  dla  tunnel  at  Oxford  Che  pressure  fluctuations  during  the  run,  due  to  finite  piston 
mass,  are  eliminated  by  use  of  a  fast^actlng  cooipensation  system  to  increase  the  driver  mass  flow  by  a 
factor  of  about  2.7  (fur  a  temperature  ratio  of  1.5)  during  the  compression  phase. 

Initially  the  Pyestock  tunnel  was  conceived  with  a  similar  compensating  system.  However,  it  was 
then  realised  that  by  using  modern  carbon  fibre  composite  technology  It  would  be  possible  to  construct  an 
ultra-lightweight  ptaton  which,  as  well  as  minimising  pressure  fluctuations  due  to  piston  mass,  would 
offer  the  following  benefits: 

(a)  simpler  operation  of  the  tunnel  because  of  the  elirelnac  of  compensator  mass  flow  and 
timing  adjustments  as  operating  conditions  are  changed; 

(b)  a  simpler  and  smaller  driver  system  using  fever  storage  cylinders  -  the  reduced  cost 
outweighed  the  extra  cost  of  the  high  technology  platen; 

(c)  the  simpler  system  would  be  more  reliable,  and  should  thus  Improve  the  productivity  of  the 

tunnel . 


Hie  first  carbon  fibre  piston  used  Is  shown  in  Fig  7.  It  was  designed  for  use  up  to  tunnel 
pressures  of  0.834  MPa  and  has  a  mass  of  14.25  Kg.  The  front  face  Is  cut  from  a  AO  mtp  thick  aluminlisn 
honeycomb  panel  with  A-ply  carbon  fibre  reinforced  skins.  The  front  face  is  designed  to  resist  the 
differential  pressure  across  the  piston  when  it  covers  the  plug  valve  opening  at  the  end  of  the  run. 
Hydraulic  testing  of  a  sample  of  Che  front  face  panel  confirmed  the  design  aasumptlons. 

A  LO  mm  square  PTFE  piston  ring  around  the  periphery  of  this  panel  provides  a  gas  tight  seal  and 
supports  the  piston  in  the  pump  tube.  To  save  weight,  only  one  piston  ring  Is  fitted,  and  the  piston  Is 
stabilised  In  the  tube  by  six  small  PTFK  pads  mounted  on  the  rear  corners  of  a  hexagonal  skirt  bonded  to 
the  back  of  the  piston  front  face.  This  skirt  was  fabricated  by  folding  and  bonding  lightweight  carbon 
fibre  skinned  aluminium  honeycomb  panels* 
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Durlag  structural  tosts  of  tl\o  piston  materials  a  uunber  of  unexpected  failure  nodes  were 
encountt-red.  For  example)  It  found  that  leakage  through  the  skin  could  pressurise  a  single  Vioncycomb 
cell  which  would  bursty  pressurise  the  next  ceil  and  lead  to  a  progressive  failure  of  the  honeycomb 
tnitterlal  along  a  line,  without  any  visible  surface  damage.  The  material  is  then  less  able  to  withstand 
the  working  stresses,  so  that  It  is  Important  to  ensure  that  the  outer  skins  arc  completely  sealed.  Some 
details  of  the  construction  can  be  seen  on  Fig  7. 

This  piston  In  now  in  regular  use  and  has  given  no  problems* 

A  second  piston  for  visa  at  higher  pressures  has  been  designed  and  fabricated  jointly  with 
Materials  and  Structures  Department  ot  RAK*  By  using  more  soph. sticated  fabrication  techniques  and  a 
moulded  circular  section  skirt,  the  maNs  has  been  kept  to  2\  Kg  (a  A5/(  Increase  over  the  first  piston) 
even  though  the  design  pressure  has  been  doubled  to  1*6  MPa, 

5.3  RKSKRVOIR  AMD  ORIVFU  SVifEH 

The  principles  governing  the  required  driver  reservoir  volume  and  driver  throat  area  Aj^*  are 
given  in  Kef  I, 

For  simplicity,  a  modular  driver  ayscom  was  chosen,  with  Identical  driver  modules  each  consisting 
of  a  high  pressure  air  cylinder  and  associated  valves*  The  safety  isolating  vsIvcl  arc  opened  a  few 
seconds  before  the  run,  which  Is  controlled  by  the  simultaneous  opening  and,  later,  c'^oslng  of  the  main 
Inlet  valves. 

the  design  conditions  for  the  driver  system  were: 

Test  section  throat  area  A^*  “  0.035 

Maximum  working  section  pressure  P  ^  1,2  MPa 
Maximum  driver  pressure  P^  =>  21  MPa 

Temperature  ratio  T/T,.  1.5 

The  flow  area  A^.*  is  controlled  by  the  gate  valve  settings,  and  as  the  valves  are  choked  this  area 
may  be  calculated^  Cron  the  expression 


Tims  =  0.002/i5  a’ 


For  the  chosen  valves,  this  total  area  is  achieved  with  four  modules  In  parallel.  Fig  5  shows  how 
chose  are  mounted  above  the  pump  tube  and  feed  into  a  collector  ring  at  the  end  of  the  tube.  Additional 
modules  could  be  added  if  a  greater  mass  flow  rate  were  required.  If  the  driving  throat  area  is  set  to 
give  the  correct  mass  flow  at  Clic  start  of  the  test  run,  then  the  drop  In  total  pressure  as  the 
reservoirs  empty  will  produce  a  slight  fall  In  P  during  the  run,  Fig  8(a). 


Tills  fall  In  reservoir  pressure  AP  due  to  the  finite  reservoir  volume  nay  be  ahown^  to  be 


■  3*62  at  the  design  conditions  given  above. 

By  increasing  the  throat  area  slightly  above  the  “matching"  value,  P  can  be  unde  to  rise  slightly  over 
Che  first  part  of  the  run  .is  shown  In  Fig  8(b).  Using  this  technique  the  value  of  AP  can  be  reduced  by  a 
factor  of  4,  to  0.9%,  which  is  acceptable. 

5.4  INSTRUMKNTATIOH,  DATA  ACQUISITION  AND  PROGbSSlNC 

A  block  diagram  of  the  f nHtruueotatlon  system  Is  shown  in  Fig  9,  It  Includes:- 

96  pressure  measuring  channels 
64  heat  transfer  rate  channels 
16  tunnel  monitoring  channels 

128  computer  A/D  channels  (^20,000  samples/scc) 

DKC  PDP  11/24  computer  employing  the  RTll  operating  system 
B  channel,  2  Hliz ,  fast  transient  recorder 
12  channel  UV  recorder 


For  the  large  number  of  pressure  chatmels  required  the  Scanlvalve  ZOC  (Zero,  Qporntc,  Calibrate) 
system  was  adopted.  This  system  uses  oniltlple  silicon  pressure  sensors  which  have  been  partially 
tenpornture  compensated,  and  wliich  have  their  zero,  range  drift  and  linearity  corrected  itanedlatoly  prior 
to  making  n  measurement.  The  system  has  its  own  microprocessor  which,  by  controlling  pnoitmatlc  valves 
built  Into  the  transducer  nodules,  zeroes  and  calibrates  each  transducer  before  the  tunnel  is  run.  The 
system  stores  tlie  pressure  data  taken  during  the  run,  scales  them  according  to  the  calibrations  and  later 
downloads  them  to  the  main  PDP  11/24  computer. 
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tunnel  operating  oondltlonR  are  monitored  by  a  further  16  discrete  pressure  transducers. 

The  heat  transfer  Instrumentation  uses  platinum  thin  tlln  thermometers  on  the  surface  of  blades  as 
can  be  seen  in  Pig  10(a).  The  blades  are  manufactured  from  Corning  MACOR  m.ichinable  glass-ceramic  as 
described  in  Refs  3  and  4.  The  heat  transfer  rates  to  the  blades  are  derived  from  the  surface 
temperature  signals  by  the  100  kHz  bandvldth  analogue  circuits  described  in  Ref  6, 

Figure  lQ(b)  shows  a  typical  Instrucnented  cndwall  “tile*'  with  an  array  of  static  pressure 
tappings . 

The  8  channel  transient  recorder  is  also  available  for  high  speed  data  acquisition*  This  enables 
studies  to  be  node  of  transient  phonntKna  such  as  boundary  layer  transition  and  shock  ind\iced 
fluctuations  In  heat  transfer  rate.  Tlie  12  channel  UV  recorder  Is  available  for  tunnel  diagnostic 
purposes . 

The  complete  Inscrureent.'it ton  system  Is  run  and  monitored  by  a  tunnel  operating  system  software 
package  which  was  developed  at  Oxford  (Ref  ?)  and  la  currently  used  on  four  transient  wind  tunnels.  It 
is  a  uaer-f rlendly,  nodular,  aenu-drlven  system  which  Is  used  to  set  up  the  Instrunentaion  before  .-i  run, 
acquire  data  during  the  run,  and  subacquentiy  process,  print  and  plot  the  results. 

6*  THE  COMMISSIOMING  TESTS 

For  commissioning  the  facility,  a  set  of  constant  section  nozzle  guide  vanes  was  .Manufactured. 
These  corresponded  to  the  old-helgitt  section  of  the  vanes  from  a  single-stage  transonic  tvirbine 
previously  tested  in  a  cold-flow  rig  ut  Pyeslock^.  The  profile  had  also  been  tested  In  che  two- 
dimensional  cascade  at  Oxford^. 

Tests  of  the  complete  facility  rommenced  In  March  1934^  and  regular  running  has  been  maintained 
with  no  major  system  faults.  Run  times  have  been  as  predicted.  Turn-round  tines  of  20-25  minutes 
between  runs  can  be  achieved,  although  45  minutes  Is  probably  more  typical  allowing  time  for  processing 
the  data,  output  of  results  and  on-line  assessment  of  the  displays. 

AC  the  time  of  writing,  the  commissioning  tests  are  nearing  completion.  A  brief  selection  of  the 
results  is  presented  to  Illustrate  the  range  and  quality  of  the  data  which  have  been  acquired. 

6.1  INI.ET  FLOW  QUALm 

To  assess  the  flow  distribution  entering  the  working  section,  total  pressure  rakes  and  surface 
static  pressure  tappings  were  fitted  at  two  planes  180*  apart  in  the  section  upstream  of  the  annulus  of 
test  blades.  In  Fig  li,  results  for  two  runs  are  given  which  demonstrate  excellent  run-to-run 
repeatability.  Differences  between  top  and  bottom  of  the  annulus  are  insignificant,  and  the  total 
proAsuro  variation  across  the  annulus  is  well  within  acceptable  limits,  demonstrating  good  control  of  the 
flow  through  the  transition  from  circular  to  annular  cross-section* 

6.2  PROFILE  AERODYNAMIC  MEASUREMENTS 

The  Mach  number  distribution  around  the  mid-height  section  of  the  aerofoil,  calculated  from 
measured  surface  static  pressures,  Is  shown  in  Fig  12.  Results  from  two  runs  at  similar  conditions  are 
plotted,  again  showing  excellent  repeatability.  Considerable  importance  la  attached  to  obtaining  good 
repeatability  with  a  test  rig  of  this  type.  Since  only  a  limited  number  of  Instrumentation  channels  are 
available  for  measurements  at  several  stations  along  the  blades,  as  well  as  on  Inner  ard  outer  endwalls, 
it  becomes  necessary  to  repeat  test  conditions  with  different  combinations  of  Instruacntatlon. 

Typical  results  from  pressure  tappings  at  the  root,  mid  and  tip  sections  of  the  vanes  are  shown  in 
Fig  13.  The  three-dimensional  effect  of  the  cascade  Is  Immediately  apparent,  with  pressure  surface 
velocity  increasing  and  the  shock  wave  Intensifying  towards  the  root  where  the  blade  pitch  Is  less. 

Variations  In  the  flow  distribution  as  exit  Mach  mimber  Is  varied  are  shown  in  Fig  14.  Since  the 
flow  through  the  vanes  is  choked,  the  effects  of  Mach  number  change  only  become  apparent  on  the  suction 
surface  downstream  of  the  shock.  Results  for  the  pressure  surface  ond  the  forward  part  of  the  suction 
surface  servo  to  demonstrate  again  the  extremely  good  repeatability  of  the  results. 

Two  other  sources  of  data  are  available  for  comparison  to  give  confidence  in  the  results  being 
acquired  from  the  II.PC.  Data  from  2-D  tests  In  the  Oxford  tunnel  are  plotted  against  the  tLPC  results 
for  the  mid-height  section  in  Fig  13,  showing  good  agreement.  In  the  ILPC  the  shock  wave  appears  to 
occur  slightly  earlier,  probably  a  three-dimensional  effect.  Whilst  the  ILPC  has  the  capacity  to  acquire 
Dote  data  points  per  run  than  the  Oxford  tunnel,  for  this  build  the  p-osaure  tappings  were  spread  over 
the  three  sections  (root,  mid  and  tip)  and  thus  the  distribution  at  any  one  section  is  less  well  defined 
than  In  the  2-D  cascade  tests*  The  flow  through  this  geometry  has  also  been  computed,  using  a  Denton  3-D 
time-marching  program.  Flxcept  for  »  small  region  on  the  suction  surface,  and  also  around  the  trailing 
edge,  favourable  agreement  can  be  seen  In  Fig  16.  Increased  flow  blockage  due  to  viscous  effects  in  the 
experiment  (not  modellG.1  by  the  Inviscld  calculation)  explains  the  increased  velocities  near  Che  trailing 
edge. 


6.3  PROFILE  MEAT  TRANSFER  MEASUREMENTS 

Two  typical  sets  of  heat  transfer  data  from  two  different  runs  of  the  tunnel  :irc  shown  in  Fig  17 • 
The  degree  of  repeatability  la  well  within  acceptable  limits  for  this  type  of  measurement. 


U-N 


In  Klg  18  Che  liLstribiitlon  (hcrii  plotted  aa  Musselt  number)  Is  compared  with  tliat  obtained  fvota 
tests  in  the  Oxford  tunnel  at  the  same  Reynolds  number  and  Mach  nniDbor.  Reasonable  ap,roQmQnt  can  be 
seen^  the  divergence  towards  Che  suction  surface  trailing  edge  is  consistent  with  the  slightly  earlier 
shuck  wave  seen  In  Rig  15.  The  higher  levels  measured  in  cho  pressure  surface  trailing  edge  region 
appear  to  indicate  earlier  onset  of  transition  In  the  t'ycstock  cascade. 

0.4  ENOWAhl.  HKAf  TRANSFKR  MKASUKKMKN'l’S 

Tnitlal  results  for  the  heat  transfer  (Nussclt  number)  distribution  on  the  outer  endwall  are  shown 
on  Fig  19  for  two  values  of  exit  Mach  luunher.  High  heat  transfer  rates  clearly  follow  the  line  of  the 
vortex  moving  across  thu  passage  from  tite  leading  edge. 

7 .  CONCLUSIONS 

A  new  facility  has  been  Installed  at  the  Royal  Aircraft  Kstablishmcnt ,  Pycstock,  for  testing 
annular  cascades* 

The  design  and  procurement  of  the  rig  involved  close  co-oporaclon  between  the  RAH  and  the 
Department  of  Knglnecrlng  Science  at  Oxford  University.  Tills  co-operative  effort  proved  very  effective. 

The  ll.Fd  exploits  modern  computer  technology  to  pro  Ido  a  relatively  low  cost  method  of  obtaining 
accurate  heat  transfer  and  aerodynamic  measurements  on  turbine  no7.7.1e  guide  vanes»  at  conditions  which 
correctly  model  those  in  a  gas  turbine. 

Results  from  commissioning  tests  have  demonstrated  that  good  quality  heat  transfer  and  aerodynamic 
data  can  be  acquired  from  this  facility,  with  excellent  repeatability. 

REFERENCES 

1.  Si'hultz,  D.L.,  JoneSt  I.V.,  01uticld»  M.L.C.  and  Daniels^  L.C.,  A  New  Transient  Facility 
for  the  Measurement  ,i  Heat  Transfer  Rates,  ACAfU),  CP229,  1977. 

2.  Jones,  T.V.,  Schults,  *>.L.  and  Hendlcy,  A.D.,  On  tiie  Plow  In  an  Iscntroplc  Light  Piston 
Tunnel,  ARC,  R&H  3731,  l9/3. 

3.  Oldfield,  M.L.C. ,  Jones,  T.V.  und  Schults,  D.L.,  On-Line  Computer  for  Transient  Turbine 
Cascade  Instrumeatatlon,  IKEE  Trans  on  Aerospace  and  KloctroiUc  Systems,  Vol  AES-14,  Sept 
1978,  p738, 

4.  Schuitr,  D.L.  and  Jones,  T.V.,  Heat  Transfer  Measurements  In  Short  Duration  Hypersonic 
Facilities,  ACARD,  AO-165.  1973, 

5.  Sucec,  J«,  Application  of  Differential  Similarity  to  finding  Non-dimcnslonal  Groups 
important  to  tests  of  Cooled  Engine  Componentu,  NASA  TM  X-3684>  1977, 

6*  Oldfield,  N.L.G.,  Burd,  U.J.  and  Doe,  N.G.,  Design  of  Wide-Bandwldth  Analogue  Circuits  for 
Heat  Transfer  Instruaentlon  In  Tranaicnt  Wind  Tunnels.  Paper  in  [proceedings  of]  the  I6tb 
Symposium  of  the  International  Centre  for  Heat  and  Mass  Transfer  (Heat  and  Mass  Transfer  in 
Rotating  Machinery)  Dubrovnik,  August  1982,  ed  Daryl  R  Metzger,  'icfflsphere  Publ.  Corp,,  NY, 
1984. 

7.  Baines,  N.C.,  Laboratory  Data  Acquisition,  Processing  and  Display  System.  Users  and 
Pro^^ramoers  Guide,  Oxford  University  Engineering  l.aboratory  Report  1462/83, 

8.  Dryce,  J.D.,  Litchfield,  H.R.  ..nd  Leversuch  N«?.,  The  Design,  Peforoance  and  Analysis  of  a 
High  Work  Capacity  Transonic  Turbine,  Paper  for  presentation  at  the  30th  ASMR  Interntlonal 
Gas  Turbine  Conference,  Housto.t,  Texas,  March  1905. 

9.  Litchfield,  M.K.  and  barton.  R.J.G.,  Heat  Transfer  Measuremente  on  a  Transonic  Nozzle  Guide 
Vane,  ASME  Piper  No*  82-b\-247,  March  1982. 

ACKNOVLEDCEMEHTS 

The  authors  wish  to  acknowledge  the  considerable  assistance  given  by  Mr.  IC.J.  Walton  of  Oxford 
University  Englnctr^^g  Laboratories,  particularly  during  the  development  and  bench  testing  of  the  plug 
valve  system. 

Thanks  arc  also  due  to  Mr.  G.C.  Horton  of  RAE  Pyeetock  for  computing  the  3-D  flow  predictions. 


Copyright  (^Controller  HMSO  London  1905 


_ 


KU;  5 


'JKNKKAL  ARRANCEMKNT  OF  THE  PYBSTOCK  ILFC  FACILITY 


PUMP  TUBE 

Kio  6  HOKKINC  secnoN  M)0  •‘I'W  ’'Abvt; 


PDP  11/24 
5TI  COMPUTER 

RIG  PLC 


Re-.MIO  H6IOHT 


h 


o 

z 

o 

H 

;i> 

CO 

o 

td 

!-• 

tn 

a 

o 

> 

Ul 

» 

i 

Q 

z 

s 

s 

Q 

(£ 

2 

Q 

O 

a 

U2 

X 

o 

d 

C 

ts2 

s 

< 

W. 

St 

X 

.  o 

< 

o 

a 

>— 

z 

Ui 

i/> 

-  8 

o 

q: 

UJ 

u. 

o 

a. 

z 

o 

t/1 

-J  o 

M 

B6 

o 

< 

tu 

o 

s: 

n  8 

o 

o 

distribution  around  a 


FIC  19  ENIWAI.I,  HEAT  TRANSFER  DISTRIBUTION 


-il-22 


DISCUSSION 


■I.Krthri.  Fr 

I  low  large  wore  your  itwestrueiil  costs? 

Aiillior's  Ki'ply 

riie  external  expetuliliircs  were  about  and  our  iiilcrtml  costs  were  approximately  of  the  same  order. 


T.Arls,  He 

1 .  Wliat  iiru  tile  relative  dimensions  and  weight  ol'  the  piston?  I>id  you  observe  any  piston  oseillaiions  after  shutter 
opening? 

2.  What  tire  the  dimensions  of  the  platinum  thin  Tilms?  What  is  the  leclinii)ue  to  deposit  them? 

Author's  Reply 

1 .  I'he  free  piston  is  1 .2  in  dlitmeter,  and  the  hexagonal  skirl  about  600  nun  long.  I'lie  total  weight  is  1 4.25  kg. 

Yes,  piston  oscilltitions  luivc  been  observed.  Indeed,  one  of  the  main  re.asons  for  attempting  to  achieve  a 
lightweight  design  is  to  minimize  these  inherent  oscillations.  The  design  predicted  pressure  flucttiations  of  around  ± 
27o  at  design  conditions.  Results  during  the  cominissiuiiiiig  tests  appear  to  show  lha!  flucttiations  are  larger  than 
this,  title  to  two  diffences  between  the  ILI’C  and  the  smaller  Oxford  tunnels.  As  we  have  an  annular  easeade  there 
is  a  nuich  larger  voltiine  to  be  filled  between  the  (plug)  valve  and  the  working  section,  and  the  mass  of  the  slug 
Working  lltiid  is  greatly  increased.  These  aspects  have  been  studid  by  Dr  T.V.Joiies,  and  a  solution  involving 
luodulatitin  of  the  i>ltig  valve  opening  .sci|ueuee  has  been  proposed. 

2.  The  plaliniini  thin  films  arc  approximately  It)  imu  X  I  mm.  As  is  done  with  all  such  gauges  ill  Oxford  University, 
they  are  painted  on  —  which  1  gather  is  the  technique  you  have  adopted  at  VKI. 


A.B.  liirncr,  UK 

You  ate  still  not  going  to  he  iiblo  to  siniuiale  the  high  frequeaey  of  iurbulenee  lUisoeiatcd  with  a  combustion  cliatnbcr 
upstream  ol  the  bltttlc.  In  this  respeet  liow  valid  do  yoti  think  the  results  are  going  to  he  will)  legnrd  to  real  engine 
conditions. 

Author’s  Reply 

As  was  shown  on  die  slide  (Fig.6),  titci  e  is  a  lurhtilenco  generating  grid  upstream  of  the  vanes.  We  believe  tliis  will  give 
about  ‘V'/c  Tu  (hot-wire  aiieinomclry  measurements  jtisl  upstream  of  the  vane  leading  edge  are  ai  ihis  moment  being 
undertaken).  Whilst  eoiiibustoi  generated  flticttialions  arc  likely  to  he  iniieh  greater  than  Ihis.  the  shape  of  the  exit  duct 
from  a  eomhusiion  ehainhei  will  lend  to  acccicrale  and  sigiiincamly  modify  the  How  into  llic  turbine,  and  hence  retliiee 
tile  local  liirtuilencc  levels. 


ll.I.H.Saravaiianiiiltuo,  Ca 

t'ould  you  expand  on  the  ehoiee  of  an  iinmilar  cascade  ratlicr  Ilian  rcelangulai  ?  I  'or  lull  scale  turbine  investigations 
major  cliaiiges  to  the  working  section  imisl  be  necessary  to  aeeimimodalc  vliangcs  in  blade  span,  diameter,  hub-tip  ratio 
etc. 


Author’s  Reply 

Our  (ii  iginal  re.search  proposals  idenlifietl  eiidwall  heal  transfer  as  one  of  llie  topics  alioiil  wliicli  very  litllc  data  were 
availahle.  If  tlie  secondary  flows  wliieli  strongly  iiinuciice  the  eiidwall  heal  transfer  are  to  he  coi  i  eelly  geiienileil.  a 
sector  caseaile,  at  lea.sl,  had  to  Ire  used.  As  the  design  study  tor  llic  ll.l’C  proceeded,  the  use  ol  at  least  a  1 81)'  sector  was 
considered,  and  it  was  eventually  decided  that  a  fully  annular  cascade  was  rc(|uircd  if  any  remaining  douhls  ahoiil 
cascade  eiul  effects  were  to  Ire  dispelled.  In  fact,  eonipaied  with  a  sector,  the  aiiiuilar  cascade  was  also  easier  to 
engineer. 

I  ae  tlcsign  of  llie  faeilily  is  essentially  modular  downstream  of  the  pump  tube,  so  that  even  inajor  changes  to  the 
working  section,  iiiehiding  iipstreani  geometry,  can  tie  relatively  easily  ineorporaled.  A  seeniid,  smaller,  plug  valve  is 
being  iiiamifaeliireil  to  ensuie  that  all  forseeable  hub-lip  ratios  can  be  acconiodaletl 

rinally,  the  oilier  topic  which  I  have  .siiggc.Mcd  that  is  inipoilanl  lor  furllier  study  is  rotational  effects,  i.c.  not  only  tlie 
lieal  ti  an.sfer  to  the  rotating  components  but  also  the  effeels  of  a  rotor  on  upslream  (and  downstream)  stators.  4  lie  I  l^l’C 
was  designed  so  lluit  a  rotor  emild  be  ailiieil  at  a  later  stage.  A  feasibility  study  for  Ihis  enhancement  lias  now  been 
eiiinpleled,  and  furtlier  design  studies  itii  parlieiilar  aspects  have  heeii  initiated. 


M.Siio,  US 

1 .  On  I'  ig.f)  there  appears  to  be  a  riiuiided  inlet  just  upstream  of  the  Uirbiilence  grid.  Is  there  binindai  y  layer  lileed  al 
that  point? 


2.  Is  ihctc  n‘»  nt»w  coniml  Jc\  ic*.*  dos'iUMivam  nl  ihc  cascade’*  It  would  Ihcn  appeal  iliai  the  dowusiicain  Mach 
luimhci  is  nol  coiUrollcii. 

Aulitoi  s  Kcpiy 

I  I  ig.o  is  an  accurate  icprcsciilalioii  of  the  ^^cometry  Tor  the  commissioning  build. '[  he  rotiiidcd  iiikl  proUidcs  into 
iltc  main  aiiiuilar  ciiaiuicl  lor  a  si^nilicani  distance,  vvhicii  will  |Meveni  ingestion  boundary  layer  ait  during  Ihe 
main  part  of  a  test  run. 

1*01  a  liiture  build,  lor  witicit  the  inner  ami  outer  walls  upMieani  of  the  cascade  will  be  profiled  to  ittodcl 
cotninisioi  exit  gcoineli  y,  tlio  facilities  for  positively  bleeding  off  iHmiulary  layer  air  through  the  walls  has  been 
iiiclikled. 

?.  I  he  cascade  Maeh  number  is  sel  by  adjusliiig  (he  dump  tank  starting  pressure  downstream  of  the  easende,  relative 
to  the  upstroain  pressure  which  will  be  getieraied  in  the  pump  lube  at  the  lest  temperature  ratio  and  Reynolds 
number.  'I  he  dump  tanks  have  been  made  so  large  (SO  m*)  that  the  increase  in  downstream  pressure  during  a  lost 
is  minimal.  At  the  design  conditions  for  the  current  test,  the  prer  suic  rise  during  a  lc.st  will  cause  less  than  1% 
change  in  cascade  exit  Mach  number. 
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SUMMARY 

Thernocouples  with  three  different  wire  diameters  (15Mm,  AOpm  and  SOpnJ  were  used  in  association  with 
an  analog  compensation  circuit  connected  to  a  data  aquiaition  system. 

Measurements  of  the  time  constant  were  performed  using  two  different  heating  tcchniqucsi  Joule  clioct 
and  external  heating  by  laser  beam. 

The  thermocouples  were  used  to  quantify  the  fluctuating  temperature  field  In  a  hot  air  Jet  and  in  a 
premixed  propane  flame.  In  the  reacting  case  the  catalytic  effect  was  evaluated  by  comparing  coated  and 
uncoated  wi res . 

Conclusions  were  also  obtained  regarding  frequency  spectra,  temperature  pdf  and  time  constant. 


NOMENCLATURE 

E  -  thermocouple  c.m.f. 

Cp  *  specific  heat 

Cr  •  Crashof  number 

h  -  convection  coefficient 

1  -  intensity  of  electric  current 

k  -  thermal  conductivity 

L  -  Wire  length 

Nu  *  Kusselt  number 

Pc  -  Peltier  coefficient 

^.at  '  race  of  catalytic  heating  per  unit  area 
r  *  Jet  radial  coordinate 

R  ■  thermocouple  wire  radius 

*  electrical  resistivity 
t  -  time 

T  *  temperature  of  wire 

Tq  -  initial  temperature  of  wire 

Tg  '  temperature  of  gas 

Tg(>  ”  effective  radiation  temperature  of  surroundings 
X  -  Jet  axial  coordinate 

0  "  Stefan-BoLtxman  constant 

C  *■  surface  emlsslvlty 

i)  •  specific  mass 

r  -  thertflocouple  tloe  constant 


INTRODUCTION 


The  accurate  ncaourement  of  unsteady  local  gas  temperature  has  occu;'led  the  attention  of  a  growing 
tiureber  of  Investigators  during  the  past  thirty  years  as  this  effort  is  essential  to  our  knowledge  of 
combustion  p^'oeesses. 

Associated  with  a  (nessurereent  technique  are  errors  that  result  from  Its  principle  of  operation, 
design  and  construction  llmltstioue  and  from  Che  disturbance  imposed  on  the  reacting  flow  by  the  presence 
of  s  probe. 


A  spectroscopic  tenpernture  method  is  favorable  In  the  sense  that  utilises  no  solid  probe  but  on  the 
other  hand  needs  the  knowledge  of  the  thermodynamic  nonequlltbrlum  state  existing  at  the  flame  front 
where  different  degrees  of  freedom  of  Che  particles  show  different  temperatures.  This  means  Chat,  at  the 
present  state  of  the  art,  the  new  optical  techniques,  In  addition  to  requiring  expensive  and  complex 
hardware  do  not  give  reliable  and  Straightforward  readings  of  temperature {  some  do  Interfere  with  the 
reacting  flow  field  due  to  the  high  energy  besne  associated  with  their  techniques. 

On  the  other  hand  some  of  the  uncertalnt ler.  associated  with  probe  messureaents  arc  difficult  to 
j  fine  wire  thermocouples  arc  In  this  category  Iwit  compare  very  fnvor^Hlw  from  the  principle  of 
operation,  cost  and  hardware  complexity  aspects  with  the  new  optical  methods}  therefore  thernocouples 
will  continue  to  he  used  In  reacting  flow  studies. 

This  paper  dcscrlhus  the  application  of  snuill  diameter  thermocouples  of  platinum  versus  platlnum*13% 
rhudium  alloy  for  local  unsteady  gas  temperature  oieaouremcntB  In  a  premixed  propane  air  flame.  It 
attempts  to  list  and  quantify  the  most  Important  phenomena  associated  with  thermocouple  error  sources. 

Three  wire  dlstaetera  C.StJm,  ^0,jw  and  were  used  and  their  performance  compared.  Two  different 

methods  of  evaluating  thermocouple  time  constant  were  applied  and  conparedi  one  uses  a  laser  beam  Co  heat 


I  ho  junction,  the  second  if?  hAHcd  on  Joule  ctfect  DC  heating. 


The  chormocoiiplc  nip.nal,  amplified  one  hundred  times  Is  compenRatod  In  frequency  by  menus  of  an 
niinlof,  circuit.  Errors  from  method  of  evaluation  of  time  constant,  Peltier  effect,  catalytic  effect, 
dlfferctu'os  in  thermal  properties  botweeu  plotiuum  and  Pt-Rd  alloy  were  cousiderod. 


cehkrm.  considerations 

i'ho  nature  of  the  function  that  connects  the  local  turbulent  reacting  gas  temperature  to  tlic  c.m.f. 
of  a  thermocouple  Immersed  In  the  flow  is  a  complex  one;  the  temperature  of  the  metal  Junction  depends  on 
Che  balance  of  different  modes  of  energy  transfer  dcscribcti  in  principle  by  the  following  equation 


nR‘  dx  pc  *  2itUdx  li  ( I-T  ) 
P  dt  U 


TIR^k  ~  dK  +  2ilRdxi:o(T'‘-T'*  )+2iiRdx  q 

dx2  '  gc  ^cai 


(1) 


assiining  uniform  radial  temperature  In  the  wire  and  in  the  surrounding  gas  close  to  its  surface*  The 
geometry  of  the  junction  was  a  cylinder  wltli  approximately  the  same  diameter  as  that  of  the  wire  as  shown 
in  figure  I,  not  a  sphere  as  conunonly  assumed;  the  thermal  inertia  of  the  wire,  represented  by  the  l.h.s. 
of  he  equation  was  limitative  wlien  performing  fluctuating  temperature  measurements ;  conduction  along  the 
wire  *jas  low  due  to  the  very  small  wire  diameter  <T./R**200  to  500)  but  was  important  during  the  cooling 
phase  of  time  constant  evaluation. 


The  flames  under  study  were  non  luminous  and  therefore  was  opproximatcly  the  temperature  of  the 
nearby  metal  surfaces.  For  measurements  in  the  hot  air  Jet  the  equation  could  be  simplified  due  to  tlie 
fact  that  T^0  was  arahlcnt  temperature  and  there  was  no  catalytic  effect,  the  ga^  temperature  beelng: 


T 
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-T 


RpCp 


dl 


■1?Ii  dt 


(2) 


the  radiation  term  was  nraall  for  sir  temperature  around  SOO^C* 

During  the  heating  phase  by  Joule  effect,  the  difference  in  magnitude  of  the  electrical  resistivity 
of  Ft  and  Ft-Rd  alloy  (see  table  A)  Induced  a  strong  longitudinal  temperature  gradient  in  Che  Junction 
Kone.  To  represent  the  transient  cooling  used  to  evaluate  the  time  constant,  the  following  form  of  the 
equation  was  used: 


-  T  T  Kk  d^T  .  ei7  ^11 

2ti  dt  ■  ■  g  2h  dx7  h  ‘ 


(3) 


the  coefficient  of  the  temperature 

constant ,  r  •. 


gradient  in  the 
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l.h.s.  of  the  equation  is  the  thermocouple  lime 


(4) 


In  a  situation  were  there  is  no  longitudinal  conduction  and  radiation  loss,  the  response  of  a  heated 
tliormocouple  initially  at  Tu,lnnncrsed  in  a  cooler  gas  of  tenperaturo  is: 

CT-T  )/<!■  -T  )  =  (5) 

>4  o  g 

Hut  T  is  not  constant  during  the  cooling  period  due  to  the  variation  of  the  convection  coefficient  with 
temperature  and  wire  Reynolds  number,  as  shown  by  the  many  eorrelationa  that  have  been  proposed  for  Mu 
(Andrews  et  al.  1972) 


KVM.-JATIOH  of  rilK  time  constant 

To  estimate  the  value  of  t  cxperincntal  methods  have  been  used  by  several  authors,  Kunugl  and  Jinno 
(19S9),  Odldl  (1974),  Yule  ct  ,il  (1978),  l.enr  and  Gunther  (1980),  Lockwood  and  Monelb  (1980  and  1982), 
Petit  ct  al  (1982).  All  the  experiments  arc  based  on  the  analysis  of  the  thermocouple  response  during  a 
cooling  period  . 

Tl<e  different  methods  proposed  to  evaluate  the  thermocouple  time  constant  arc  only  able  to  evaluate  a 
mean  Ime  constant. 

it  has  been  one  of  the  purposes  of  tiie  present  work  to  study  the  variation  of  the  thermocouple  time 
constant  during  tiie  cooling  period  after  it  has  been  heated  either  by  Joule  effect  due  to  passage  of  a 
D,C.  current  or  by  using  a  laser  beam  focused  on  the  therm' «c*uple  junction. 

a)  Joule  heating 

Figure  2  sliows  two  curves  corresponding  to  the  cooling  history  of  n  15  pm  Pt,  Pt“l3XRi)  thermocouple 
heated  up  to  J00®C  and  inOO**C  due  Co  the  passage  of  a  D,C.  current  through  the  thermocouple  wires,  when 
placed  In  a  stagnant  atmosphere  at  room  temperature.  The  two  curves  arc  not  coincident  due  to  the 
influence  of  temperature  on  the  heat  transfer  coefficient  end  to  the  heat  conduction  along  the  wires.  The 
temperature  gradlant  along  the  wire,  In  the  junction  zone.  Is  due  to  the  different  resistivity  of 
platlnlun  and  platinium,  13%  rliodlum  as  shown  In  tab.  A. 
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In  fignt'C  1  rhc  predicted  curves  ore  also  plotted.  I’redictlons  are  based  on  equation  3  vherc  the  heat 
transfer  coefficient  was  caLculatcd  with  the  constants  adjusted  to  the  specific  configuration  of  the 
thermocouple,  neglecting  radiation  loss  and  using  the  following  Collls  and  Wlllioroa  (1959)  corrclatlonf 


=  0.83-0.8  Gr 


(6) 


The  Grashof  number  was  evaluated  at  ambient  temperature  and  the  Nnssrlt  number  at  film  temperature. 

The  initial  temperature  profile  of  the  wires,  has  also  been  predicted,  based  on  equation  3A  (with  two 
terms  added  to  the  heat  balance  equation  to  take  into  account  the  Peltier  effect  In  the  junction  and  the 
Joule  effect  along  the  wires);  Thompson  effect  w.as  a  second  order  effect  that  has  not  been  included  in 
this  evaluation. 


0  =  -2TtRhdx<T-T  )  ♦  MR^dxk  ^  1 1’e  i 

k'  dx?  TR? 


(3a) 


As  the  wire  diameter  is  very  small  the  Peltier  effect,  acting  as  a  source  or  as  a  sink  of  energy, 
influences  the  temperature  profile  along  the  wire  during  the  heating  period,  as  shown  by  Petit  et  all 
(1982). 


This  influence  is  evident  in  figure  3  where  the  predicted  temperature  profiles  along  the  wires  arc 
plotted  when  a  D,C.  current  flows  from  the  Pt**l37»Rh  to  the  Pt  wire  (negneive  Peltier  efect)  of  a  15vim 
thermocouple  pl.iced  in  a  stagnant  atmosphere  at  room  temperature.  A  positive  Peltier  effect,  obtained  by 
inverting  the  current,  Is  also  shown. 

Figure  4  shows  the  instantaneous  values  of  t  evaluated  along  the  predicted  curves  of  figure  2.  The 
time  constant  has  been  calculated  according  to  three  different  expressions. 


Curves  I  and  A 


RpCp 

2h 


(7) 


Plus  a  correlation  for  the  Nusselt  nutabor. 
Curves  2  and  5 


X 


(8) 


Curve's  3  .ind  8 


t(T-T^)/(T^-'Tg)3  (9) 

'he  value  of  i  from  curves  3  and  6  ^'a*  «  value  40^  lower  than  the  value  obtained  with  the  other  two 
curves.  This  is  because  the  cooling  curve  is  not  s  true  exponential  one  due  to  the  Influence  of  the 
temperature  In  the  heat  transfer  coefficient  and  to  the  heat  conduction  alon{  the  vires.  The  difference 
between  the  values  of  i  calculated  with  the  three  different  expresslc 'V  are  much  lower  when  the 
thermocouple  Is  placed  in  an  air  stream  (velOm/s)  at  room  temperature,  due  to  the  Increased  Importance  of 
ttie  convection  term. 

b)  I.ascr  heating 

Figure  5  shows  the  predicted  wire  temperature  profiles  during  the  cooling  period  evaluated  from 
cquMiloii  ?.  The  initial  temperature  profile  was  obtained  from  thermocouple  temperature  readings  when  the 
laser  beam  is  moved  along  the  vires. 

Figure  0  compares  the  experimental  value  of  .  evaluated  using  the  two  experimental  techniques,  when 
the  thermocouple  Is  placed  hi  a  stagnant  atmosphere  at  room  tenpetatuve.  A  difference  of  50%  in  the  value 
of  T  Is  observed  due  to  the  different  initial  temperature  profiles  of  the  wires  as  shown  in  figures  3  and 
5. 


Figure  7  shows  the  thermocouple  temperature  curve  when  a  laser  beam  focused  on  the  Junction  la 
chopped  '  a  totacing  dist.  ihe  i.li«iu.oco !«;  pLicc*?  <ri  ir  -ilr  let  (u  -  10  u/uf  at  looiu  lompc , a< ‘mc . 
The  tui  turc  decay  is  faster  than  with  the  D.C.  heating  method,  also  shown  In  figure  for  the  sane 
condltic  In  both  cascu  the  thermocouple  was  initially  heated  up  to  250^0. 

The  experimental  time  constants  based  on  the  cooling  curves  of  figure  7  and  evaluated  by  express  Ion  (9) 
are  plotted  in  figure  8.  The  thermocouple  time  constant  based  In  the  cooling  curve  (laser  heating)  hos  a 
value  30%  lower.  This  diference  is  due  to  the  different  initial  temperature  distribution  along  the  wire. 

Tn  turbulent  flows  the  gae  temperature  fluctuates  and  the  meooured  decay  curve  la  distorted  by  the 
local  temperature  fluctuations.  The  evaluation  of  the  mc.in  local  time  constant  of  the  thermocouple  Is 
mode  wltli  expression  9  based  on  the  etisamble  average  curve  of  several  recorded  decaying  curves. 
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TKMPKRATURE  V  ILES  IN  HOT  ATR  JET 
fl)  Experlmet.  setup 

Tempetntuve  fluctuations  have  been  measured  in  a  JOasn  diameter  hot  air  jet*  exit  temperature  470^0 
and  velocity  I3m/s,  using  a  15Uin  Pt»Pt-  1374Rh  thermocouple. 

The  output  voltage  from  the  thermocouple  goes  through  a  processing  circuit  whose  principal  components 
are:  (l)  a  preamplifier  that  amplifies  100  times  the  thermocouple  output*  (II)  the  compensation  circuit 
that  performs  the  operation  figure  9, 


(1.T  -^i)E 


UO) 


The  circuit  pcrtalta  the  contlnuoa  adjustment  of  t  beewen  0  and  30  na,  (III)  a  low  pass  filter  cut-off 
frequency  normally  set  at  1.3  KHz  which  garantiea  a  good  signal  to  noise  ratio,  (IV)  an  analog  to  digital 
converter  and  (V)  a  data  aqulsltlon  system  controlled  by  the  Apple  11  microcomputer  with  a  maximum 
sampling  rate  of  12KHz< 

An  nuxtllar  circuit  heats  the  thermocouple  by  passing  a  D.C.  current.  During  the  heating  period  the 
preamplifier  is  switched  from  the  main  thermocouple  to  an  auxillar  thermocouple  nantalncd  at  an  adjusted 
temperature  equal  to  the  main  thermocouple  mean  temperature  In  order  to  avoid  translcnta. 

The  performance  of  the  compensation  circuit  is  shown  In  figure  10  were  the  trace  of  compensated 
tempersture  with  tine,  heating  the  thermocouple  with  a  chopped  laser  bean»  is  a  quasi-square  wave.  The 
wave  is  not  perfectly  square  because  the  thermr^couple  time  constant  varies  during  the  cooling  period  as 
prcvlouly  shown  in  figure  7  ,and  the  compensation  circuit  only  allows  the  adjtistmcni.  of  mean  values  of 
time  constant. 

Figure  IL  shows  the  mean  time  constant  variation  with  jet  radius  for  two  different  wire  diameters 
IShm  and  30um.  The  values  of  T  were  measured  usli-vg  the  joule  heating  pulse  technique. 

An  average  cooling  curve  was  obtained  from  20  to  100  recorded  curves  depending  on  the  local 
turbulence  level;  the  value  of  t  Is  the  time  taken  to  reach  63^  of  the  final  value  of  the  average  decay 
ternperacurc. 

At  a  given  staUon  in  the  mixing  region  of  the  jet»  one  Jet  diameter  downstream,  the  mean  tine 
corsf.anc  of  the  50Mm  thcrraocouple  is  32ms  and  of  the  thermocouple  Is  3ms.  Setting  the  compensation 
at  lOraa  U  is  possible  to  go  up  to  200Uz  with  the  50um  thermocouple  with  an  acceptable  signal  to  noise 
ratio.  Frequencies  up  to  AOO  Uz  were  detected  in  this  region  and  as  the  mean  life  time  of  the  15pm 
thermocouples  In  this  flow  was  of  the  order  of  30  min  (even  more  If  care  was  taken  not  to  overheat  them 
during  the  heating  periods)  they  were  used  to  perform  the  measurements. 

b)  Heasurcuents 

Temperature  fluctuations  measured  at  one  diameter  downstream  of  the  jet  exit  and  at  ISsmi  from  the 
axis,  are  shown  in  figure  12  for  six  different  levels  of  compens.itlon.  For  this  location,  t  was  evaluated 
at  5.3m9  using  the  D.C.  heating  technique.  Comparing  the  two  curves,  for  3.3ms  and  7.2mB,  only  the  second 
clearly  exhibits  the  blaodal  shape  that  would  be  expected  In  such  a  flow  location. 

Due  to  the  variation  ot  T  with  tcmper..'>ture,  a  mean  time  constant  will  always  Introduce  an  error, 
either  undercompensat Ing  the  lower  temperature  f'uctuatlons  r  overcompenasting  the  lilgher  unea. 

The  variation  of  the  RMS  temperature  fluctuations  wltn  the  compensation  level  Is  plotted  In  figure 
13:  the  "correctly"  coapeneated  signal  has  an  increase  of  30%  in  the  temperature  rms  to  the  uncompensated 
signal.  An  ovcrcompcnsat ion  of  307.  of  the  t  value  gives  an  increase  of  30%  In  the  measured  temperature 
rms . 


In  figure  14  the  influence  of  the  compcncaclon  level  In  the  temperature  spectra  is  plotted. 
Frequencies  up  to  400  Hr.  are  detected  even  without  a  compensation  of  the  thermocouple  output  signal  due 
to  the  low  time  constant  of  the  13vim  thermocouple,  however  the  energy  contained  in  the  higher  frequencies 
is  a  function  of  the  compensation  Level  as  expected. 


HRASUREHENTS  IN  A  PRF.MI\ED  Ft.AMK 


i.  disc  and  tube  premlxed  flame  burner  was  used  and  a  40ura  thermocouple  located  near  the  edge  of  the 
stabilizer,  3mm  downstream,  in  the  flame  front  region.  Radial  temperature  profiles  were  obtained  with 
toated  and  unccated  therrnnrnuples -  The  silica  coating  technique  used  was  that  described  In  (Frlstrom  and 
Wostouberg).  ilie  principal  cause  of  catalytic  effect  is  surface  rccombinal ion  of  liamc  front  r*4j<calp, 
and  therefore  the  number  of  free  radicals  available  for  reaction  is  importsnt.  We  have  clearly  detected 
the  effect  of  local  fuel  air  rat  to  on  the  uncoated  thermocouple  reading.  Figure  13  shows  two  different 
mixing  situations  for  propane  and  air:  the  one  refered  as  "with  inner  tube"  gives  a  higher  fuel  air  ratio 
at  the  therRx>couplo  location. 


As  expected  the  coated  thermocouple  (curve  5)  shove  the  lowest  temperature  but  Its  higher  diameter 
and  different  crolsslvlty  will  contribute  to  alter  the  radiation  exchange  (equation  1).  With  uncoated 
wire,  "going  into"  the  flame  front  docs  not  give  the  same  temperature  profile  as  "going  out"  and  this  1b 
due  to  sustained  reaction  on  the  wire  by  catalytic  effect  on  "going  out".  Temperature  differences  can  be 
SB  high  as  250^  C  at  1300°  C. 
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Curve  3  ntid  4  arc  almost  coincident  Indicating  Chat  chc  caCalyCic  effect  Is  notpresent  In  this 
atcuation  of  lower  fuel  rtlr  rtitio. 

In  addition  to  the  local  fuel  air  ratio*  the  cntnlytlc  effect  is  stronr,ly  influenced  by  wire 
temperature  and  conduction  along  the  wires  in  ateep  gradient  flame  zones  can  be  Important.  The  effect  of 
higher  thermal  conductivity  of  platinum  as  compared  to  Pt*Rd  alloy  was  clearly  observed  when  only  half  of 
the  thermocouple  wire  was  glowing  red.  Heating  up  one  support  in  the  flame  front,  with  the  noncoated 
junction  immersed  in  the  cold  flow  of  reagents*  would  produce  a  visible  advance  in  the  catalytic  reaction 
(rod  glowing)  along  the  wire  after  a  short  time. 

Errors  indticed  by  catalytic  effect  are  difficult  to  quantify  but  limit  the  accuracy  of  measurements 
of  mean  and  fluctuating  gas  temperatures  in  the  radical  rich  flame  zones. 

Radial  aeasurements  performed  further  downstream  from  the  stobllizct  showed  a  decrease  in  the 
catalytic  effect , although  teraperaturc  was  kept  high. 

The  use  of  coated  wires  reduces  the  frequency  response  and  cur  analog  compensator  and  Joule  pulsed 
he.nting  system  could  not  perform  adequately  In  this  case. 


CONCLUSIONS 

Tine  constants  evaluated  by  two  different  heating  methods  vary  from  20%  to  30%  due  to  the  different 
initial  temperature  distribution  along  the  wire  associated  with  each  technique. 

The  initial  wire  temperature  selected  for  Che  heating  will  affect  the  value  of  T. 

Peltier  effect  Is  not  significant  compared  with  the  differences  in  electrical  resistivity  of  Che  two 
metals . 

Temperature  rms  and  pdf  arc  very  sensitive  to  the  value  of  T;  on  ovorcompensarion  of  50%  of  T  results 
in  a  50%  increase  in  rms. 

When  Che  pdf  Is  bimodal  Che  use  of  a  mean  value  of  the  time  constant,  required  by  the  analog 
compensator,  will  result  In  substanclal  errors  either  on  the  lower  or  on  higher  temperature  readings. 

In  reacting  flows,  Che  caCdlyCic  effect  can  induce  large  errors  depending  on  rhe  flame  zone, 
CemperaCurc  gradients  and  probe  orientation,  local  excess  air  and  type  of  fuel.  Temperature  fluctuations 
are  almost  not  detected  when  the  cacetyclc  effect  is  present. 

Coated  Chermocotiples  will  not  be  affected  by  catalytic  reactions  but  have  a  larger  thermal  Inertia. 
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Thorrral  properties  of  Pt  And  Pt-I3^d 
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Fig. I  Thermocouple  junction 
15  urn  diameter  (x400) 


Fig, 2  Cooling  curves  of  a  15  \m  thermocouple 
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DISCUSSION 


OAViiilerndil,  lie 

WInit  type  of  coiilinp  tliil  yon  use  uml  how  tonp  tliil  lliis  comine  persisi  in  Ihe  hi>l  jiiis  i  nviionnicnl'.’ 

Aulhur's  Kvpiy 

A  silica  coating  was  used  as  described  in  I  ristrom  and  Wesienberg  ( I  W>.S).  I'lie  coaled  wire  diainelei  was  aboul  KO  |nn. 
The  coaling  life  lime  was  at  least  one  hour,  depending  on  ihe  iein|>eraUire  and  Ihe  Icniperalure  gradients  il  has  lu'en 
subinilled  lo. 


K.  I  arada,  l!K 

In  l  igiire  2  l  efercnee  is  made  lo  a  preilicled’  eorve  of  the  decay  of  noirdiniensional  leinperalure  w  illi  respect  lo  tune, 
flow  was  this  predicted  curve  ohiained? 

Aiilhnr's  Reply 

Tsvo  piedieled  cooling  curves  are  shown  in  Figure  2  eorrespondine  lo  healing  by  Joule  effeel  I'lil  with  two  different 
initial  lemperainres  (.Jtlll’C  and  ll)lhl'C|.  F.t|oalion  ( 3)  was  used  and  Ihe  eonveeiion  coelTicieni  ohiained  from  e(|ualioii 
(fi).  I•iglne  .3  represents  the  temperature  distribution  along  the  wires:  the  initial  eoiulitions  arc  for  At  ■=  0. 


f-  -  - 


f 


II  I 


IWU  SCOT  LASER  Vl.l.OClHETEfi 
MEASUREMENTS  OE  VELOCITY  AND  TURBULENCE  INTENSITY 
IN  SHOCK  TUBE.  DRIVEN  TURBINE  FLOWS 
by 

Kiohut'<i  B.  Hivir 
r»or*'»  Propulsion  Laboratory 
All  Force  Wri|4hL  Aeronaut  Loal  Laboratories 
Wr  iKbt-Pattor‘Soi>  Air  Foroc  Base  CB  3  3~b‘^6  5 ,  U.S.A. 

William  L.  Flrod 

Air  Force  Institute  of  Technology 
Wr  1  ght-Pattorson  Air  Force  Rase  OR  ^l‘jM33-658'l ,  U.S.A. 

Michael  G.  Dunn 

Calspan  Advanced  Technology  Center 
Ruffalo  NY  II. S. A. 


Suianar  y 


Full-scale  rotating  turbine  heat  transfer  tests  have  been  under  way  at  Calspan 
for  a  number  oi*  years.  The  turbine  is  driven  by  a  shock  tube  of  short  duratirui.  Heat 
transfer  distributions  are  measured  during  the  test  by  thin  film  surface  gages  on  the 
various  component  parts.  Direct  measurement  of  the  velocity  and  turbulence  intensity  is 
needed  to  accurately  compute  the  heat  transfer  for  comparison  with  the  measured  values. 
An  investigation  to  determine  if  measurements  of  velocity  and  turbulence  intensity  could 
be  obtained  with  a  two-spot  laser  velocimeter  in  the  turbine  for  these  short  duration 
shock  driven  flows  was  undertaken.  Two  seed  materials  were  investigated  with  satisfac¬ 
tory  results:  propylene  glycol  and  Dow  POO.  The  velocimeter  was  initially  set  up  on  a 
1 ow-pres5ure-r atio  shock  tube  which  could  be  cycled  quickly  to  determine  tlie  seeding 
requirements.  The  velocimeter  was  transferred  to  the  high-pressure ,  full-scale  turbine 
after  successful  measurements  in  the  low-pressure  shock  tube. 


1 .0  Introduction 

A  measurement  and  analysis  program  has  been  underway  at  Cal  span  fop  .several 
years  that  utilL/.es  a  full  scale  high  pressure  rotating  turbine  stage  (1-7).  The  experi¬ 
mental  teclinlque  being  used  is  the  short-duration,  shock-tunnel  approach,  in  which  fast- 
response,  thin-fiim  therinometers  are  used  to  measure  the  surface  teinperatu-'e  histories 
at  prescribed  positions  on  the  various  component  parts.  Heat-transfor  rates  are  then 
inferred  from  the  temperatur'e  histories,  using  standard  data  reduction  procedures.  The 
sliock-tunnel  facility  provides  a  clean,  uniform,  and  well-known  gasdynamic  condition  at 
tne  inlet  to  the  stationary  nozi»ies.  The  shock  tube  driven  flow  is  not  intended  to 
duplicate  every  parameter  importunt  to  turbine  heat-transfer  studies.  The  Intent  is  to 
[-JVG  the  flow  conditions  sufficiently  defined  and  adequate  parameter"  duplicated  such  as 
the  flow  function,  the  corrected  speed,  and  the  wall  to  total  temperature  ratio.  The 
mousured  heat-flux  distributions  are  used  to  validate  and  improve  the  accuracy  of  full- 
stoge  design  and  prediction  techniques. 

The  turbulence  intensity  is  a  parameter  which  is  a  significant  variable  when 
the  various  predictive  c^dos  are  used  for  the  correlation  of  heat  transfer  data.  A 
measurement  of  the  free  stream  turbulence  intensity  which  is  associated  with  the  par¬ 
ticular  heat  transfei-  data  set  is  required  to  calculate  the  theoretical  heat  transfer. 

An  equally  important  quantity  is  the  turbulence  scale;  however,  at  the  present  time  no 
attempt  is  being  made  in  these  measurements  to  ascertain  the  scale.  A  heat-flux  measure¬ 
ment  technique  hat  was  used  to  estimate  the  turbulence  intensity  -ssociated  with  the 
Cdlspan  experimental  data  has  been  described  in  reference  G.  An  array  of  thin-film  gager 
located  on  a  cylinder  in  cross  flow  was  used  to  infer  the  relative  magnitude  of  the 
turbulence  intensity  in  ; he  annulus  flow  just  upstream  of  the  nozzle  guide  vanes  (NGV). 
Because  oi  the  importance  of  the  turbulence  intensity  in  the  development  of  hot-section 
predictive  techniques,  Dunn,  (lae  and  Holt  (6)  suggested  that  a  method  should  be  investi¬ 
gated  that  has  the  potential  for  a  more  accurate  determination  of  the  turbulence  inten¬ 
sity  than  does  the  cylinder  in  cross-flow  approach.  Calspan  and  Wr ight-Patterson  Air 
Force  Base  (WPAFl.)  undertook  a  joinv  effort  to  use  tiie  WPAFB  two-spot  laser  system  in  the 
Calspan  experiments.  Prior  to  the  measurements  at  Calspan,  initial  feasibility  measure¬ 
ments  were  undertaken  at  the  Air  rorce  Institute  of  Technology  (AFIT)  which  utilized  a 
low-pressure-ratio  shock-tube  driven  flow.  From  the  outset,  one  of  the  major  concerns 
willi  this  measurement  technique  was  whether  or  not  satisfactory  velocimeter*  meas’ir*ements 
'^'uLU  be  pct'fonned  within  the  fG  to  millisecond  time  period  available  In  the  sh<ir 
'  ration  sampling  times  ass«>ciatGd  with  both  the  AKIT  and  the  Calspan  exper  iments . 

l.aser  Transit  Anemometer  (LTAl  measurements  rely  upon  the  correlation  of  a 
riumbe**  of  scattci'ing  events.  The  lime  for  an  individual  event  is  given  by  one  to  two 
times  the  spot-to-spot  transit  time.  Figure  1  is  a  transducer  record  illusti*ating  a 
typical  pi*essure  history  measured  at  a  location  immediately  upstream  of  the  NGV  of  the 
full  scale  shock  driven  turbine  in  the  immediate  vicinity  of  the  laser  measur'ernent  sice. 


This  r<?c<^rd  Illustrates  that  the  order  of  20  milliseconds  is  the  total  time  available 
within  wl\loh  to  perform  the  laser  measurements,  A  typical  axial  flow  velocity  c.t  this 

in  the  Calspan  facility  is  7b  meters/sec  (2*30  ft/sec).  For  a  spot  separation  of 
**32  micrometers  one  has  u  nominal  6  microseconds  as  an  event  time.  There  are  on  the 
order  of  10*^  events  (or  number  of  times  the  correlation  can  be  attempted)  in  the  avail¬ 
able  test  time.  By  contrast,  a  continu'^us  experiment  mitjht  typically  run  for  10^  to  lO^ 
events,  so  the  shor t-durat i application  represents  a  sis^iTicant  reduction  in  the 
.statistical  samplinii  level.  It  was,  therefore,  important  to  determine  if,  and  to  what 
:\co.uracy,  it  is  feasible  to  measure  the  velocity  and  turbulence  intensity  in  a  short- 
duratinn  facility  using  tlie  two-spot  system. 


2.0  Fxpcrincntal  Apparatus 

2  . 1  l.ow  pressure  Shook  Tube  Con  figuration 


The  uFIT  0.10?  x  0.2OM-rn  CM  x  8  in)  shock  tube  was  used  for  the  initial  feasi¬ 
bility  measurements.  Sehlieren  windows  and  adequate  extensions  of  the  test  section 
necessary  pr-^vide  Increased  Lest  time  already  existed  for  the  teat  section  p'^rtion  of 
this  tube.  The  ideal  incident  shock  test  time,  defined  as  the  time  elapsed  between 
.iirivai  nf  thr  incident  shock  and  the  interface,  was  on  the  order  of  0.68  to  0.29  milli- 
.  'i-nd/ft  of  driven  tube  lengtli  for  the  range  of  incident  shock  l-lach  numbers  used  here 
.i<  M^<  1.6).  Thus  for  a  tube  length  of  3.51-m  (11.5  ft)  the  ideal  incident  shock  test 
-itne  as  the  order  of  7.8  to  3*3  milliseconds.  F.ven  though  the  ideal  te.st  time  for 
this  tube  was  .significantly  less  than  the  desired  20  milliseconds,  we  obtained  a  20- 
millisecond-duration  flow,  of  reasonably  uniform  conditions  which  was  sufficient  for  the 
feasibility  study.  Mote  that  the  turbulence  intensity  and  velocity  measured  in  this 
environment  may  be  sonov/hat  different  than  the  intensity  one  would  associate  with  the 
test-time  region  of  a  uniformly  shock- processed  flow. 


This  shock  tube  is  a  low-pressure  tube  and  thus  the  desired  flow  velocity, 
pressure  and  temperature  could  not  be  matched  simultaneously.  The  shock-tube  arrangement 

is  sh''wn  .schematically  in  Figure  2  and  in  the  photograph  of  Figure  3.  The  test  .section 

"if  tni.s  facility  was  reduced  to  0.025M-m  (1-in)  square  by  2.MM-m  (8-ft)  long.  The  LTA 
was  built  by  Spectron  and  is  shown  schematically  in  Figure  M,  The  LTA  produces  two 
measurement  volumes  which  are  polarized  at  right  angles  to  one  another.  The  two  measure¬ 
ment  v<>lumes  were  sepaiated  by  M32  micrometers,  each  25  micrometers  in  diameter  and  1.25 
miriimolcM  »  in  length  f^r  the  lens  combinations  used  in  these  measurements.  The  outer 
third  '^r  me  projecting  lens  system  oollov':t.s  the  baekscattered  light  from  the  measurement 
volumes,  ‘mis  reflected  .signal  is  separated  into  its  two  polarized  components  and  imaged 

on  two  optical  fibers  to  carry  the  signals  to  the  photomultiplier  tubes,  The  photo¬ 

multiplier  signals  are  filtered  and  amplified  bef'^re  being  cro.ss-correlated  by  the 
Malvern  correlator.  Velocity  is  then  given  by  the  time  of  flight  of  the  cross-correlated 
photo-mul ti pi icr  signals  and  ihe  turbulence  intensity  is  related  to  the  width  of  the 
cross-correlated  signal.  The  hardware  is  controlled  and  the  data  reduced,  and  then 
st'^red  by  an  Apple  ll.  The  measurement  volumes  are  aligned  with  the  flow  by  rotating  a 
W'^llastrrvn  prism  'within  the  optical  head.  One  must  set  up  the  LTA  on  continuous  flow  to 
select  the  flow  angle.  The  tw^  spots  for  the  lens  combination  necessary  foi'  the  Calspan 
experiment  require  spot  alignment  with  the  flow  to  better  than  1-1/2  degrees. 


Continuous  flow  was  brought  into  the  top  of  the  shock  tube  as  shown  in  Figure 
7.  As  anticipated,  seeding  was  required  to  achieve  short-duration  measurements.  The 
.';eod  was  introduced  into  the  center  of  the  tube  with  o  0.0159-^  (5/8-in)  diameter  tube  on 
a  0.051-m  (2-in)  radius,  .A  TSI,  Inc.  Model  9300  Six  Jet  Atomizer  was  used  to  introduce 
pr-'->pyierio  gryc-^l  into  the  tube.  Tw"'  uxial  l'^cnti''n5  and  throe  configurations  were 
i  nvestiiuitccl  in  selecting  the  configuration  utilized.  Sharp  corners  and  contractions 
wore  av'^ided  becau.se  both  tended  to  cause  condensation,  l.ocating  the  seed  injection 
point  vnlhin  the  cont inuous- f low  entrance  mixing  zone  was  also  more  effective  than 
injection  in  the  flowing  stream.  One  to  six  jets  were  tried,  v»ith  one  jet  giving  the 
best  '’c-siil  ts . 


Tnc  test-section  back  wall  was  originally  p'^lished  aluminum.  The  resulting 
flare  was  so  intense  that  the  photomultipliers  w^re  shut  down  by  the  over  sTurrent  protec¬ 
tive  «:ircijitry  at  less  than  half  of  their  normal  operating  voltage.  A  number  of  wall 
trcaimonts  were  investigated  to  reduce  this  flare:  block  paint,  glass  bead  blast, 

.jO'^d  i  zot  i  on ,  and  the  three  v/all  cavities  shown  in  Figure  5-  All  three  of  the  cavities 
were  successful  in  reducing  flare  so  that  nearly  the  full  operating  voltage  of  the  photo-. 
multiplier  could  be  used.  The  simplest  cavity,  the  single  cone,  was  used  for  most  of 
this  investigation.  The  conical  surface  was  blasted  with  gloss  beads,  redriiled  and 
an''Jized,  but  the  maximum  obt-iinable  photomultiplier  voltage  fell  off  by  for  both  the 

bead  blast  and  the  anodized  surface.  Although  the  anodized  surface  would  have  been 
usable,  it  was  removed  for  the  remainder  of  the  measurements. 

The  window  for  this  test  section  was  a  0.025*l-m  (l-in)-thick  Schlieren  window. 
The  window  tr .'jn sm i tied  9M%  at  lialf  angles  of  1-1/2,  3i  6,  9»  ^md  11*^  incidence.  Continu- 
'^us  ineasurcment.s  were  made  at  j**  to  11*  incidence  with  only  smcill  differences  i/j  the 
resui’lng  measurements.  Ihe  beam  reflected  from  the  front  window  surface  just  rr.ssed  the 
c'^lJoct.ing  aperture  at  3*.  The  6*  ineidonce  beam  was  used  as  tlie  standard  or  reference 
condition  for  the  re.sulting  measurements  since  it  .showed  a  lower  background  noise  level 
on  ini  tul  setup. 


?.2  Tlie_.shock  Driven  Tutitic  1  _Con f igurat i^oij  for_Lhe  Full  Scale  Turbine 

The  CalS[jan  shr^r'K-lumiel  auparatus,  shovjn  schematically  in  Figure  6,  consists 
or  an  n.;?o-m  (8-inj  i  .(1 .  hel  iom-ciriven  shock  tube  with  a  i2.2-m  (40-ft)-long  driver  tube 
and  a  l'>.2-ni  (“jO- ft)- long  driven  tube,  as  a  short-duration  source  of  hetited  air,  driving 
the  test-section  device  mounted  near  the  exit  of  the  primary  shock-tunnel  nozzle.  The 
receiver  tatik  is  initially  evacuated  to  a  pressure  of  approx iiiiatel  y  1  torr  to  minimize 
the  starting  air  load  on  the  turbine  wheel  and  to  Improve  the  flow-establi.shment  charac¬ 
ter  i.slies  of  the  inouel.  The  test-section  device,  shown  schematically  in  Figure  7,  con¬ 
sists  of  a  forward  tran.sition  section  with  a  circular  opening  facing  the  supersonic 
primary  nozzle  flow.  The  circular  opening  is  followed  by  a  oomplcLe  360  degree  annular 
pas.saBe  containing  the  NOV.  The  LTA  was  focused  on  mid  annulus  at  a  location  approxi¬ 
mately  O.Odb-m  C 1.8-in)  upstream  o!  the  NGV.  Figures  8  and  9  are  photographs  of  tue  LTA 
set  up  and  optical  locations,  i  especti vely. 

A  cylinder  of  0.00878-m  (0.375-in)  diameter  with  eight  thin-film  gages  located 
on  a  stagnation  line  was  placed  across  the  flow  channel  at  O.Odb-m  (1.8-in)  upstream  of 
the  NGV,  primarily  to  measure  the  uniformity  of  the  flow  across  the  channel  for  each 
experiment.  A  secondary  use  of  these  rake  data  was  to  infer  the  freestream  turbulence 
intensity  in  the  .low  entering  the  NGV  for  e*>mparison  with  the  LTA  data  obtained  here. 

It  was  recognized  '6)  that  turbulence  Intensity  data  obtained  in  thi.s  manner  are  only 
apprry.lmate ,  but  to  date  are  the  only  values  available  for  comparison.  Hot  wire  measure¬ 
ments  can  be  obtained  in  the  future  in  these  tests  for  comparison  with  both  the  LTA  and 
the  film  gage  measurements.  The  hot  wire  measurements  cannot  be  used  later  in  combustion 
driven  flows  whereas  the  LTA  measurements  can  be  used  for  comparison  of  the  shock  tube 
driven  flows  with  combu.stlon  di  iven  flows.  A  photograph  of  this  rake  is  shown  in  Figure 
10.  Figure  9  shows  the  location  of  the  rake  relative  to  the  LTA. 

Figures  8  and  9  illustrate  that  access  to  the  turbine  stage  is  via  two  separate 
windows.  The  outer  window  is  0.l8-m  by  O.'ll-m  by  0.0063-m  thick  (7-in  by  16-in  by  0,25- 
1  n  thick)  and  the  inner  two  v.'indovis  are  0.051-m  diameter  by  0.0063-m  thick  (2-v.n  diameter 
by  0.25-in  thick).  The  material  is  float  glass,  flat  and  pnrallel  to  one  wavelength  at 
5195  A  over  0.0031  to  0.0127-m  diameter  (0.125  to  0.50-ln  diameter).  The  transmission  .of 
the  window  mateiial  for  normal  Incidence  was  in  excess  of  90J.  The  volume  between  the 
outer  window  and  the  inner  windows  is  protected  from  the  by-pass  tunnel  flow  by  a  shroud. 
To  reduce  the  flare  coining  from  the  model  wall,  a  tiny  cone  cavity  similar  to  that 
described  in  Section  2.1  was  machined  in  the  wall  and  the  surroundings  were  painted  flat 
black  (see  Figure  9).  The  LTA  optics  used  in  the  Calspan  experiments  were  essentially 
the  same  as  those  used  at  AFIT. 

2.2.1  Introduction  of  Seodant  Material  Into  Test  Gas 

Several  runs  were  made  at  Calspan  to  obtain  LTA  data  without  introducing  .seed 
material  Int  the  tost  gas.  These  riin.s  resulted  in  Inadequate  signal  to  noise  rctios  to 
the  photomultiplier  tubes.  The  introduction  of  either  propylene  glycol  or  Dow  200  as 
additional  particle  sources  was  pursued.  Dow  200  was  used  In  several  of  these  measure¬ 
ments  since  its  vaporization  temperature  is  significantly  higher  than  that  of  propylene 
glycol.  Dow  200  has  a  flash  point  of  1029'R  and  a  very  low  vapor  pressure.  A  sample  of 
Dow  200  was  heated  In  a  furnace  to  9K8“I1,  soaked  for  5  minutes,  and  then  allowed  to  cool 
for  5  minule.s.  The  sample  lost  9.11  of  its  weight  and  exhibited  no  change  in  color.  The 
introduction  of  seed  material  for  the  experimental  conditions  of  interest  required  raodi- 
rioallons  to  the  atomizer  system.  The  maximum  total  temperature  of  the  shock-driven  flow 
was  1000°  II  at  a  pre.ssure  of  approximately  100  psla  at  the  NGV  inlet  or  at  a  pressure  of 
1100  psi  (also  a  temperature  of  1000°IO  in  the  rcflectcd-shock  reservoir, 

The  Dow  200  partiole  size  distrlbuticr  was  measured  by  TSI,  Inc.  The  measure¬ 
ment  employed  two  analyzers;  an  electrostatic  analyzer  to  measure  particles  with 
diameters  less  LI. an  one  micron  and  an  aerodynamic  analyzer  t.  measure  particles  with 
diameters  greater  than  0.5  micron.  A  TSI,  Inc.  aerosol  generator  model  9036  atomized  the 
Dow  200  using  a  single  jet  with  a  nominal  5  to  10  second  on  time,  a  dilution  flow  setting 
of  15  on  the  flow  meter,  and  a  dilution  pressure  of  60  psi.  The  aerosol  generator  and 
the  flow  EOtlings  for  the  particle  distribution  measurements  were  similar  to  those  used 
in  Liie  Ciil-span  tests.  The  seed  and  dilution  flow  filled  a  plastic  reservoir  with  a 
volume  of  approximately  2.5  cubic  feel.  Two  sample  tubes,  one  for  each  analyzer  of  1/9- 
inch  diameter  polyflow  tubing,  also  penetrated  the  sample  volume  as  shown  in  Figure  11. 

The  sample  volume  was  filled  and  6  samples  were  taken  at  one  minute  twenty 
second  intervals  with  a  measurement  sample  time  of  10  seconds  for  the  aerodynamic  ana¬ 
lyzer  measurements .  Three  of  the  interval  measurements  for  the  aerodynamic  samples  are 
•siiown  in  Figure  12.  The  distribution  rera~iood  constant  in  both  magnitude  and  shape  with 
a  peak  at  0.626  microns.  For  the  shock  lube  moasurenicnts ,  the  driven  tube  was  filled  and 
the  atomized  seed  v;as  introduced  into  the  driven  tube  Just  prior  to  the  shot.  The  shot 
uofinally  occurred  vdthin  one  to  three  minutes  after  the  seed  material  Injection.  The 
iced  material  can,  therefore,  be  expected  to  maintain  its  particle  size  distribution  for 
the  shock  driven  f*ow  for  at  least  the  pre-shock  arrival  '  ime  period. 

The  eiectroslatic  analyzer  results  arc  shown  in  Figure  13-  The  electrostatic 

measurements  indicated  a  peak  for  numbers  of  particles  at  0.967  micron,  a  peak  by  con- 

centr- tion  at  0.563  micron,  .'uid  a  peak  by  volume  concentration  at  0.603  micron.  There 
was  a  slight  indication  ol  a  secondary  peak  at  0.056  micron  in  the  number  distribution. 

The  electrostatic  analyzer  moa.Sureinents  were  made  with  full  dilution  flow  on  during  the 


ineaaurcment  and  the  seed  lli.w  nff  after  an  initial  burst  nf  a  few  seconds.  Tno  dilution 
fl'.w  wa.-.  necessary  to  maintain  the  reservoir  conditions  since  the  electrostatic  analyzer 
IS  considerably  slowei-  in  collecting  the  individual  channel  data. 

I'he  aerodynamic  analyzer  as  well  as  the  electrostatic  analyzer  have  indicated 
that  the  Dow  .?00  has  a  very  stable  submicron  particle  distribution  with  a  peak  at  an 
erfecLi>c  nominal  value  of  to  .6  microns.  It  wa.s  concluded  that  Dow  200  was  a  good 
choice  as  a  seed  material  for  the  lOOO'R  maximuni  total  temperature  associated  v/ith  the 
experimental  oondition.s. 

The  sane  TSI,  Inc.  Model  9306  Six  Jet  Atomizer  that  was  used  at  AFIT  was  used 
at  Cal.span  to  introduce  the  seed  material.  In  a  normal  configuration,  the  atomizer  is  at 
room  temperature  and  , pressure  conditions  and  is  injected  Into  an  environment  that  is  on 
the  order  of  one  attiiosphe»'u  pressure.  However,  because  of  the  much  hiuhor  pressure 
conditions  existing  in  the  Calspan  shock  driven  flow,  it  was  necessary  to  construct  a 
vessel  capable  of  being  pressurized  to  house  the  entire  atomizer.  In  this  way,  a  differ¬ 
ential  pressure  on  the  order  of  10  to  20  psi  could  be  maintained  on  the  atomizer  thus 
permitting  introduction  of  the  seed  material  into  the  driven-tube  gas  just  prior  to 
running  the  experiment  (Ihltiai  driven-tube  pressure  was  150  psia)  or  it  could  bo 
injected  tangentially  into  the  model  flow  just  upstream  of  the  NGV  using  a  configuration 
illustrated  by  the  schematic  of  Figure  lb.  Both  of  these  injection  techniques  were 
found  to  be  acceptable  with  either  propylene  gl.y-ol  nr  Dow  200,  provided  thai.  the  injec¬ 
tion  pres.sure  was  maintained  at  a  value  of  approximately  5  psi  in  excess  of  that  of  the 
local  flow  field  into  which  the  seed  material  was  being  injected.  If  the  atomizer  were 
not  pressurized,  then  the  flow  of  seed  material  would  stop  when  the  test  gas  arrived. 

2.2.2  l^ru tial  Adjustments  of  Laser  Transit  Anemometer 

As  mentioned  in  Section  2.1,  it  was  necessary  to  set  up  the  LTA  using  a 
continuous  flow  in  order  to  select  the  proper  flow  angle.  One  of  the  stringent  require- 
mento  oi  i.TA  measured  flows  is  that  the  spot  alignment  with  the  flow  must  be  within  1-1/2 
dcgroe.s  for  the  lens  combination  used.  The  continuous  flow  atmospheric  alignment  and 
base  line  settings  were  established  using  a  flow  tube  inserted  into  turbine  inlet.  Full 
annulus  flow  was  not  available  for  alignment  during  the  LTA  test  period.  The  continuous- 
flow  calibration  technique  was  one  of  the  weakest  ilnks  of  the  procedure,  A  large  blower 
capable  of  supplying  8500  ofm  at  ••  few  lnche.s  of  water-head  has  recently  become  available 
fo?  use  in  thi.s  calibration.  This  device  would  supply  continuous  air  flow  to  the  entire 
turbine  annulu.s  at  the  proper  flow  velocity.  Neither  the  total  pressure  nor  the  total 
temperature  environments  would  be  duplicated  out,  for  the  purposes  of  spot  alignment, 
having  continuous  uniform  flow  tiirough  the  entire  annulus  at  the  pr.oper  velocity  would  be 
adequate . 

^  -2,3  I’ro-Hun  Calibrations  in  AFIT  Shock  Tube 

A  oontinuou.s-flow  measurement  Is  shown  in  Figure  15  using  the  single-oono  wall 
terrinatlon  and  an  event  time  .of  lO**  events.  The  measured  velocity  is  222.8  meters  per 
second  and  the  turbulence  intensity  is  6.6J  for  the  mea.surement  in  Figure  15.  Normalized 
velocity  and  the  turbulence  intensity  measurements  for  continuous  flow  are  shown  in 
Figures  16  and  17  as  the  event  time  is  reduced  from  10^  to  10^.  The  resulting  velocity 
showed  a  spread  of  2%  to  Ht  as  the  event  tine  was  reduced.  Some  of  this  spread  could  be 
attrioutod  to  the  non-steady  reservoir  conditions.  Turbulence  intensity  showed  a  spread 
of  approximately  vlt  across  the  range,  with  up  to  1/2%  attributable  to  the  mean  velocity 
variations.  Lower  turbulence  levels  were  observed  with  constant  LTA  sensitivities  and 
.seed  flow  at  a  oonstanc  velocity,  but  these  cases  were  clearly  deficient  in  data  and  not 
an  inherent  problem. 

2 . 2  .  A  Pre-Run  Calibration  j^n  Calspan  Turbine  'A<-del 

As  discussed  above,  a  continuous-flow  calibration  was  also  necessary  prior  to 
running  a  LTA  experiment  in  the  turbine  model.  Figure  18  is  a  typical  result  of  such  a 
calibration  for  an  event  time  of  10'*,  For  this  figure,  the  measured  velocity  was  80. HI 
melers/sec,  the  turbulence  intensity  was  3-35%,  and  the  data/backgmund  ratio  was  20.16. 

3.0  Discussion  of  the  Results 

3.1  LTA  Measurements  in  the  AFIT  Shock  Tube 

The  general  procedure  was  to  load  the  driver  tube  to  its  operating  pressure 
Ithe  range  of  pr'  sures  used  hero  was  85  to  65  psia)  ,  start  the  correlator  manually  with 
one  photomultiplier  Input  channel  gated  off,  inject  the  seed  material  manually  into  the 
driven  tube  at  atmospheric  pressure  fo-  a  predetermined  length  of  time,  from  5  to  15 
seconds.  The  diaphragm  was  then  broken.  Initiating  the  shock  wave  in  the  tube.  An 
Endevco  pressure  transducer  located  in  the  test  section  detected  passage  of  the  cck 
wave  and  generated  a  trigger  pul.se  from  a  Berkley  model  CT-2  gale  venerator.  This  trig¬ 
ger  pul.se  was  used  to  .start  the  LTA's  gate  circuit  with  a  programmable  delay  and  gate 
width.  A  delay  of  1  millisecond  and  a  gate  width  of  15  milliseconds  was  used  for  the 
AFIT  measurements,  just  allowing  the  slowest  shock  to  pass  the  LTA  lest  sectio  .  The 
location  of  the  LTA  generated  gate  relative  to  the  sidewall  pressure  i,i  the  test  sectiei, 
IS  illustrated  in  Figure  19. 
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As  noted  oarlist-  in  Section  2.1,  and  demonstrated  by  the  pre.ssure  record  shown 
in  figure  19,  the  gate  duration  exceeded  the  ideal  shock-tube  best  time.  For  this  par¬ 
ticular  test  condition,  the  elapsed  time  (at  a  fixed  shock-tube  location)  between  the 
shock  wave  and  tne  interface  was  on  the  order  of  i|  milliseconds.  Recall  that  the  static 
pressure  does  not  change  at  the  interface  for  the  driver  technique  used  here.  Wave 
diagram  calculations  suggest  that  the  rather  abrupt  decrease  in  pressure  Illustrated  in 
Figure  19  is  the  result  of  a  rarefaction  wave  originating  at  the  open  end  of  the  tube  at 
the  dump  tank  location.  For  the  feasibility  study,  the  non-uniformity  in  pressure  could 
he  removed  by  adding  length  to  the  test  section.  It  is  mentioned  here  only  because  we 
believe  that  the  rarefaction  wave  could  contribute  to  the  magnitude  of  the  turbulence 
intensity  measured  in  these  experiments,  giving  a  value  somewhat  larger  than  would  be 
associated  with  this  actual  test-time  portion  of  the  shock-tube  flow.  The  pressure 
transducers  used  for  calculation  of  shock  speed  are  spaced  0.058-m  {2-itO  apart  in  the 
test  section  of  the  tube  and  Q.0503-ra  (2-in)  behind  the  trigger  transducer. 

A  measurement  of  flow  velocity  and  turbulence  intensity  with  test  gas  is  shown 
In  Figure  20.  Thi-S  run  used  a  seed  fill  time  of  10  seconds  and  a  15-miHlseoond  gate. 

The  measured  velocity  for  this  run  was  192.6  mcter/seo  and  the  turbulence  intensity  was 
10. 2K.  There  were  6760  good  data  samples  in  this  measurement  and  a  background  noise 
level  of  130  samples  for  a  signal  to  noise  ratio  of  91.8.  Continuous- flow  measurements 
in  similar  long-duration  (107  to  10®  event  times)  experiments  give  a  signal-to-noise 
ratio  of  562  to  19114.  In  general,  3000  to  6000  valid  samples  are  needed  to  make  a  good 
measurement  In  the  shock-tube  driven  flows.  This  means  that  we  need  to  have  a  higher 
data  rate,  by  approximately  16  times,  than  would  normally  be  used  in  setting  up  a  contin¬ 
uous  measurement.  The  individual  continuous  photomultiplier  data  rates  are  a  factor  of 
nearly  10  greater  than  the  valid  data  rate  for  the  shock-tube  measurements  shown  in 
Figure  20.  The  desirable  percentage  of  seed-to- test-gas  for  the  shock-driven  messureraent 
is  on  the  order  of  lO’l'-^l.  The  ptiotomultipller  settings  and  the  background  noise  sup¬ 
pression  level  (threshold)  settings  for  the  shock-driven  flows  were  initially  taken  as 
the  values  obtained  in  the  continuous • flow  setup  with  a  15-mi  1 1 i second  gated  pulse.  He 
tended  to  get  better  results  in  setting  up  for  continuous  flow  by  maximizing  the  correla¬ 
tion  growth  rate  on  the  IO)  to  10®  event  scales  and  then  making  small  adjustments  in 
threshold  and  photomultiplier  levels  for  the  103  to  10*  scales.  This  procedure  generally 
would  result  in  a  higher  signal  rate  on  the  downstream  spot  by  a  factor  greater  than  2. 
Additional  small  adjustments  to  both  the  threshold  and  the  photomultiplier  settings  were 
necessary  to  obtain  the  shock-flow  mcaouremeots  because  the  density  of  the  shock  flow  was 
1.0  times  that  of  the  eontlnuous-flow. 

The  flow  velocity  data  obtained  at  AFIT  with  the  LTA  in  the  shock-driven  flows 
are  in  good  agreement  with  the  predicted  flow  velocities.  Shook  tube  theory  was  employed 
to  determine  the  Mach  number  in  the  0.10  x  0.20-iti  drive-tube  section  and  (8)  was  used  to 
calculate  the  Haoh  number  in  the  0.0254-m  square  test  seotion .  Constant  specific  heats 
for  the  test  gas  was  assumed  for  this  analysis.  A  comparison  between  the  measured  and 
calculated  flow  velocities  is  given  in  Figure  21.  The  measured  velocities  are  a  little 
le.ss  than  predicted  at  the  lower  diaphragm  pressure  ratios  but  become  higher  than  the 
predicted  values  at  the  higher  pressure  ratios.  Expansion  of  the  flow  as  shown  in  Figure 
19  after  approximately  4  milliseconds  would  result  in  measured  velocities  higher  than 
predicted  by  theory.  This  effect  would  be  more  pronounced  at  the  higher  Mach  numbers 
£S.sooiated  with  the  higher  diaphragm  pressure  ratios. 

3.2  LTA  Results  Obtained  f.sing  Calsp-ari  Turbine  Model 

LTA  measurements  performed  to  dale  for  this  configuration  were  obtained  at  a 
location  approximately  0.0457-m  (1.8  in)  upstream  of  the  MOV  inlet.  Data  were  obtained 
for  the  oases  of;  (1)  no  seed  material  added  to  the  flow,  (2)  seed  material  injected  at 
a  single  location  in  the  model  annulus  just  upstream  of  the  NGV,  and  (3)  seed  material 
added  to  the  driven-tube  test  gas  just  prior  to  diaphragm  rupture.  Either  propylene 
glycol  or  Dow  200,  injected  under  pressure,  was  used  as  a  seed  material  and  both  were 
found  to  be  sat  1  .sf actor y .  l.TA  measurements  performed  for  non- pressur i zed  injection  of 
seedabl  revealed  that  the  seed  materiel  could  not  penetrate  the  test  gas.  Useful  signal 
to  noise  ratios  were  achieved  for  the  pressurl'/.ed  injection  techniques,  for  items  (2)  and 
(3)  above,  and  will  be  described. 

3.2.1  Pressurized  Injection  of  Seedant  Just  Ahead  of  HGV 

The  injection  technique  illu.strated  in  Figure  14  was  used  to  introduce  seed 
material  into  the  flow  at  a  location  just  ahead  of  the  HGV.  On  the  basis  of  previous 
work  with  this  r.iodel ,  the  flow  velocity  at  this  location  is  known  to  be  approximately 
75.5  m/seo  (247.5  ft/sec)  and  the  turbulence  intensity  determined  from  the  stagnation 
point  heat-flux  rate  was  approximately  5.7%.  Figure  22  presents  the  time  history  of  the 
following  measured  quantities,  from  top  to  bottom;  (1)  the  gate  duration,  (2)  the  moni¬ 
tor  signal  for  photomultiplier  B,  (3)  the  monitor  signal  for  photomultiplier  A,  (4)  EP4, 
the  static  pressure  on  the  bullet  nose  just  ahead  of  the  NGV,  (5)  the  Lr.\  discriminator 
signal  B,  and  (6)  the  LTA  discriminator  .signal  A.  Dow  200  was  used  as  the  seedant  for 
the  run  shown  in  Figure  22.  The  recorded  time  histories  for  the  continuous  flow  calibra¬ 
tion  which  was  illustrated  in  Figure  18  is  shown  in  Figure  23  for  comparison  with  the 
shock-driven-flow  time  hltitorles. 

The  seed  flow  was  initiated  approximately  1  second  prior  to  the  arrival  of  the 
test  gas,  was  continued  for  the  duration  of  the  expe'iment,  and  the  vessel  containing  the 
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atomizer  was  pressur i zed  to  approximately  120  psla.  The  pressure  field  within  the  model, 
as  indicated  by  the  i'.ph  trace,  was  uniform  duriiiH  the  time  that  the  Kate  was  active.  The 
LT'A  channel  A  and  B  monitors  both  indicate  that  the  secdant  was  beinK  actively  injected 
into  the  flow  and  that  useful  signals  were  being  obtained.  For  this  particular  run,  the 
indicated  flow  velocity  wa.s  77-5  m/seo  and  the  turbulence  intensity  was  9.65.  Although 
this  result  was  felt  to  be  encouraging,  it  was  not  con.slderod  to  be  accurate  because  very 
few  samples  were  counted.  The  value  of  the  data  rate/baoksoatter  rate  was  19.5,  which  is 
low  but  not  unacceptable.  Figure  1U  shows  that  Injection  in  this  manner  is, not  a  partic¬ 
ularly  good  technique  because  the  seed  material  must  mix  through  the  boundary  layer  which 
usually  results  in  a  higher  concentration  of  seedant  in  the  boundary  layer.  Continuous 
flow  to  set  up  the  seedant  flow  rate  would  be  required  since  the  actual  distribution  of 
seedant  is  uncertain.  Therefore,  an  alternate  technique  of  injecting  the  seedant  into 
the  driven-tube  test  gas  just  prior  to  diaphragm  rupture  was  investigated  and  will  be 
described  in  the  next  section. 

3.2.2  Pressurized  Injection  of  Seedant  1  nto  l)riveii-Tube  Test  Gas  Just  Before  Runn ing 

To  obtain  a  more  uniform  dispersion  of  the  seedant  material  into  the  test  gas 
and  thus  relax  some  of  the  injection  requirements,  we  elected  to  inject  into  the  driven- 
tube  gas  just  prior  to  breaking  the  diaphragm.  The  initial  driven-tube  pressure  was 
approximately  150  psia,  requiring  that  the  atomizer  be  pressurized.  Figures  24  and  25 
represent  a  comparison  of  the  I.TA  output  signals  on  the  same  time-base  as  the  pressure 
history,  EP4,  obtained  just  ahead  of  the  MOV.  For  this  run,  the  seed  material,  Dow  200, 
w,as  loaded  for  a  period  of  22  seconds  prior  to  the  run.  The  22  seconds  was  the  sealed 

time  required  to  obtain  the  same  mass  of  seedant  loading  as  was  used  in  the  AFIT  shook 

tube.  Figure  24  illustrates  that  the  pressure  field  was  uniform  during  the  laser-gate 

period.  The  same  data  shown  in  Figure  24  are  displayed  using  a  variable  time  base  in 
Figure  25  with  the  gate-on  time  at  an  expanded  time-base.  The  initial  portion  of  the 
record  is  displayed  at  4  ms/div;  then  the  time-base  is  stretched  to  O.OS  ms/div  instead 
of  the  2  ms/div  used  on  Figure  24.  Figure  26  is  the  correlator  print-out  for  this 
particular  run.  The  L.TA  result  indicates  a  velocity  of  82.2  ir./sec  and  a  turbulence 
intensity  of  4.62*,  compared  to  the  target  values  of  75.5  m/seo  and  5.71.  The  ratio  of 
data  rate/backsoatter  rate  was  not  particularly  good  at  a  value  of  7.3.  To  obtain 
acceptable  data,  this  value  would  have  to  be  increased  significantly  but  we  believe  that 
with  improved  calibration  and  laser  alignment  techniques,  this  increase  can  be  achieved. 

4.0  Conclusions 

The  feasibility  of  using  the  LTA  to  obtain  useful  velocity  and  turbulence 
intensity  data  in  a  short-duration  flow  environment  has  been  demonstrated.  The  velocity 
measurement  appeared  unaltered  by  shortening  of  the  measurement  time;  whereas  the  indi¬ 
cated  turbulence  intensity  showed  an  approximate  increase  of  101  for  continuous-flow 
measurement . 

The  data  obtained  in  the  shock-tunnel  model  demonstrate  that  seedant  can  be 
injected  and  di.spersed  uniformly  into  these  relatively  high-pressure  environments. 
Seedants  useful  in  the  lOOO’F  environment  were  demonstrated  and  a  sufficient  data  rate 
can  be  achieved  to  allow  flow  velocity  and  turbulence  intensity  measurements  to  be  made 
in  those  short-duration  environments.  The  initial  indications  of  velocity  and  turbulence 
intensity,  without  preal ignment  with  the  flow  direction,  are  in  agreement  with  computed 
values. 
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Figure  1.  Typical  Pressure  Record  Obtained 

Just  Upstreum  of  Nozzle  Guide  Vane 


Quint: 


Figure  A.  ScUtnnatlc  of  Spcctron 

Laser  Transit  Ancometer 


A.  AircHfuie  laser  bia.^  ttAnriArioN  desicms 


Figure  i.  photograph  o(  AFIT  Shock-Tube  Test  Figure  6.  Schematic  of  Calspan  Shock-Tunnel  Apparatus 
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Figure  IT.  [^iucci'ostatic  Aiialyzur  Measurement 


Figure  IS.  Results  of  n  Continuous  Flow  Measurement 
In  tile  AFIT  0.254  x  O.OZG'e-m  Test  Section 
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Figure  16,  Velocity  Dependence  on  bvent  Time 
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Flj;urt'  Wi.  of  Strodiint  l«ijt^ctie>n  Technique' 
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Figure  17.  Turbvilence  Intensity 

Dependence  on  Kvent  Time 
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Figure  18.  LTA  Record  for  Continuous  Flow 
Talibiation  in  Calapan  Set  Up 
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Figure  19.  AFli  Shock-Tube  I’cessure 
History  and  Gating  Pulse 
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Figure  21.  Comparison  Uetween  LTA  Measured 
and  Predicted  Flow  Velocities 
for  AFll  Shock-Tube  Mcasurumenls 


Figure  22.  LTA  MoaMurement  in  Full  Stage  lurbine 
Model  at  a  Location  Just  He.id  of  NCV 


Figure  20.  LTA  Heusurecnent  for  Shock-Driven  Flow 
in  AFIT  0.02SA  x  0,025A-«i  Test  Section 
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Figure  23,  Rtisulcs  of  a  Continuous  Flow 

Cnl  ibratlon  in  Calaunn  Turb'.no  Model 


Figure  23.  i.TA  Measurement  in  Full  Stage 

Turbine  Displayed  on  Dual  Time  Base 
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Figure  26,  LTA  Data  Record  for 

Shock-Tunnel  Measurement 


Figure  ?A.  I.TA  Me.'isurement  in  Full  Stage  Turbine 
Model  at  .1  Location  Just  Ahead  of  NCV 
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IMSdlSSION 


I’.KiiiiU'IU'.  t-| 

1  hive  you  iilrciuly  done  laser  veloeiinelry  measiiremeiils  inside  lire  rolor  blade  eluinnels',’ 

Aiilluir's  Hoply 

No.  we  have  not  yol  aiieinpied  ineasui  cmeiu.s  in  llic  rolor  lor  the  shock  driven  Ini  bines.  'I'lic  program  of  course  is  the 
I'realigninetil  of  die  uvo  nieasui  eniem  voltiincs  with  the  How  prior  lo  ihe  shul;  we  will  make  lliese  measurements  in  the 
shoek  driven  turbine  in  the  future. 

S.Witli};.  Ge 

A  major  ailvantage  of  the  L2F  technirpie  in  comparison  lo  Ihe  LDA  is  its  capability  to  make  nieasurenients  close  lo  the 
wall.  Do  yon  feel  that  there  is  ti  chance  lo  determine  boundary  layer  properties  —  i.e.  tiirbulcnec  intensities  etc.  —  in 
yonr  facility  using  the  1.2F  insiriimeni? 

Authur's  reply 

We  would  only  make  turbulence  measurements  in  the  freestreani  in  the  .shock  driven  turbine  Hows.  I  think  it  is  not 
possible  to  make  botiiKlary  layer  mcsiiremeuls  in  the  shock  driven  turbine  flows.  The  lime  required  lo  make  these 
iiieiisurements  are  made  much  belter  in  continuous  large  stale  facilities. 


INFLUKNCE  KT  MKSURE  DU  JEU  EN  BOUT  D*AOBES  DANS  l.ES  rURBOrlACHINES 


par  Jacques  PAULON 

Office  National  d'Etudes  et  de  Recherches  A£roapa(.lales 
29,  avenue  dc  la  Division  Leclerc 
92320  CHATl.U.ON  (France) 


R66ua>§ 


L'^volxitlon  dll  Jeu  entre  I'extrcmlt^  des  aubes  Gt  le  carter  d'une 
turboraachlne  est  un  paramdtre  Important  pour  Ics  performances  d'un  noteur. 
Quelqucs  cxenplcs  poraettont  d'illustrcr  et  de  chlffrcr  les  effets  dc  ce  Jen. 

IL  seralc  done  souhaicable  de  pouvolr  Le  contrdler  dc  fa^on  pernanentc 
et  d'aesci'vlr  thetmlqucmcnt  les  carters  pour  fonctlonner  duns  les  conditions 
optlmsles. 


A  cet  effet  un  capteur  capaclttf  cst  en  coura  de  d§veloppeaent  d 
I'ONERA  et  los  r£aulcats  obtonus*  compares  ^  un  apparel!  de  conception  dlffe- 
rente,  sc  sont  revSlis  encourageanta . 


INFLUENCE  AND  TIP  CLEARANCE  MEASUREMENT  IN  TURBOMACHINES 


Abstract 


The  clearance  between  the  tip  of  the  blades  and  the  casing  of  a  turbo** 
machine  Is  an  Important  parameter.  The  perfortsances  of  an  engine  are  ecrongly 
subject  to  tip  clearance.  These  gap  effects  are  Illustrated  and  numbered  through 
some  examples. 

Then,  it  would  be  desirable  to  control  It  permanently  and  to  adjust  the 
temperature  of  the  casing  in  order  to  operate  In  optimum  conditions. 

To  this  effect,  a  capacitive  transducer  Is  in  development  at  ONERA  and 
good  results  have  been  obtained  In  comparison  with  a  various  device. 


notations 
d  »  d^bnttemenc  n 

f  ■  frequence  dc  passage  des  aubes  Hr. 

r.  »  dfeblt  kg/s 

h  a  partlc  do  hauteur  d'aube  par  rapport  au  moyeu  a 
H  «  hauteur  d'une  aube  o 
J  *  jeu  m 

N  «  vltcsse  dc  rotiiiioii  t/mn 
?  •  penetration  m 
R  •  rayon  o 

T  a  tempSrature  g6ii£ratclcc  K 
U  a  vltessc  pgrlpherlque  m/s 
^  -a  rendement 
TT  -  taux  de  compression 


1  -  iM'itoniicrioN 

Dcs  Jirop.ros  cons  I  duraolos  out  clo  obtoiius  au  coui*s  dc  cos  tU'i-nl$ros  annces  dans  la  definition 
ot  la  nlse  au  iiolni  do  turbuiriiohlues  a  luuiles  porfoiiaances  ot  a  rondemonts  eloves.  Cos  ameliorations  ont 
l>u  elre  attoinics  lii'aco  an  dC-voloppcmont  rapide  dos  m^tliodos  d'analysc  mols  aussi  grilco  a  ia  mlsu  on 
service  <ie  tw>yens  do  rucsurcs  sophist  Lqn^s  qnl  povtuettont  aujourdMutl  d ' uc<|(iu I’l r  do  pi'6cloux  ronocl- 
j»nemonLs»  hicr  inaecess i bl  es • 

11  dcvlont  done  de  phia  on  plus  difficile  d'aocrottve  lo  rondoment  do  telles  machl»>08  do  fa^ou 
ttotablo,  sauf  on  so  penchant  avee  iKjanroup  do  soln  sur  dcs  points  part Icullcrs ,  encore  pen  oLudios  mats 
suscepLiblos  do  coudulro  ^  dos  gains  non  n6^,itgoablns.  I'arml  cos  points  partLcuHors,  le  Jen  on  bovii 
d'aiihps  des  compressouis  ot  Lurbli.os  osl  un  paramolro  Important  quo  I'on  rei\cc  do  mattrlsd*  do  dlffo- 
ventes  fat^onf^  II  !• 

Apres  avoir  pos6  lo  probl^mo  el  indiqnc  quols  oont  !or.  effots  do  jeu  on  bout  d'nubea  sur  le 
fouctloniicment  dos  turbomachines  nous  pas^'^rurts  cn  rovuo  leu  moyens  cn  cours  de  dcvoloppcmcnl  pour 
llfiitor  le  jeu  q\ie  co  sotL  ’'paasiveraent'*  ou  '  act  I  vooent  “  ot  donuerous  des  Indications  sur  la  raeti^odo 
capacitive  de  mosuro  du  jeu  on  bout  d'aubos  on  conrs  do  dovcloppomcnt  51  I'ONRRA. 

2  -  INFhURNCb  IIU  JEU  KN  HOUT  D'AHUKS  SUR  LKS  PERFQRMANCKS  D*UM  TURDORKACTEUR 

Oqus  un  moteur  a6ronautLquo  classtque,  los  prtnclpaux  points  scnslblcs  aux  effots  de  Jou  sout  : 

a)  le  cotnprcsscur  HP,  gfineralemont  axial  et  a  performances  elcv6cs  ;  d'ou  dcu  accroluscments  Lmportants 
de  temperature  ot  dos  of  fees  ttjnriniqucs  sensible^  ; 

b)  lo  comprusseur  HP,  qul  pout  Sere  do  typo  cc*ntrifugo  et  ou  los  jeux  sont  alors  nxlavix  ct  surtout  trihu- 
tairos  dos  defonnat ions  do  la  roue  ; 

c)  et  d)  loa  Lurbln  s  HP  et  HP  ou  ies  problomes  sont  analogues  a  coux  rencontres  sur  le  coinprosscur  DP. 

SI  malntonatit ,  nous  considorons  figure  1,  le  champ  de  caract^ristiques,  d^blt-presslon" 
rondoment  d'un  comprouseui*  axial  muLtletages  cxpdrlmcnt^  dans  deux  configurations  g6om6triqucs  dlffe- 
rentes,  on  note  quo  1 ' augmentat Ion  du  jou  relattf,  se  tradult  par  uno  perte  sLmultanoo  do  taux  do 
compression,  do  rondoment  ot  do  debit. 

Los  jeux  p6rlph§rlquos  lmportants  so  tradulsont  par  uno  deterioration  de  1 ' 6coulcmont  ct  un 
travail  InsoffUaut  dos  coupes  do  t$te  oomtne  1‘lUuatro  la  figure  2  qul  repr6scntc  Tangle  de  sortie  do 
I ' ccoiT eraent  Issu  d'une  turbine  HP  on  fonctlon  do  la  hauteur  relative  ct  dvi  Jou  relatlf. 

La  gU'dtlon  r^slduclle  do  T^coulomont ,  pratlqucoent  nolle  sur  toute  la  hauteur  de  vrinc» 
lornquo  le  Jou  rclatlf  ost  falble,  pout  prencru  des  valours  Importuiitcs  condnisnnr  Uiaq\i'4  dos  angles  de 
AO®  par  rapport  a  la  direction  axialo  lotsque  le  Jc«  cst  plus  quo  double.  Cot  effet  se  fait  d’allleurs 
sentir  sur  environ  30  X  do  la  hauteur  des  aubes. 

Tl  on  CSV  do  tnSrac  pout  los  coapressours  centrifuges  comme  le  oontro  la  figure  ^  q«l  rcprCsonto 
la  porte  dc  rondoment  on  fonctlon  du  d6bacteaenc. 

Un  autre  aspect  dc  I'effot  du  jcu  on  bout  d*aubcs  conccrnc  la  consomoatlon  speclflquo  d’un 
moteur  [2Ji  A  titre  Indlcotlf,  »mc  perto,  du  au  Jcu  on  bout  d'aubns,  do  1  %  sur  U*  rundomunt  de  cheque 
etape  Hr  ot  Ilf'  dos  comprosscurs  ot  turbines  d'un  e>otour  so  tradult  par  unc  augmontation  de  la  conson- 
nation  do  2  3  3,5  7,  solun  lo  type  do  notour.  Ce  qul  a  blcn  sur  un  effet  notable  sur  ies  dcpcnses 
<1  ’  cxplol  tat  ion  |3]  |3]< 

Vour  toutos  les  raisons  tndlqu6cs  cl-dossus,  le  contrSJc  du  Jou  presente  done  un  Intoret 
certain,  tnals  lo  probldnc  cst  d^llcat  ot  difficile  vtant  donne  que  les  motours  sont  soutals,  6  certains 
moments,  a  des  conditions  do  fonct lonnoaent  s6vcrcs  caracterlscos  par  des  acc61erotlons  rapldes  suivios 
gencralemcnt  de  decelerations  egaloment  rnpldco.  Lors  de  cos  perlodcs  transltolres ,  les  dlff^rontcs 
parties  du  moteur  nc  travalllent  pas  do  la  memo  faqon,  les  problcmcs  no  sont  pos  les  memos  nu  niveau 
cotnpressoiir  et  au  niveau  turbine,  oals  lis  nc  sont  pas  non  plus  los  reemes  s'il  s'aglt  d'un  compresscur 
axial  ou  d'un  comprc.sscur  centrifuge. 

SI  nous  considorons  une  accelfjrac Ion  rapldc  dcpuls  le  ralentl  Jusqu'au  d6collagc  d'un  avion,  lo 
diametro  du  rotor  gros-slt  tres  rapidemont  du  fait  des  forces  centrifuges  ct  des  phSnoraencs  thcrrclquos  qul 
offectent  rapidemont  les  aubuS. 

Ce  premier  'gonf lemont"  du  rotor  prond  environ  U»  temps  ncccssalre  pour  quo  lo  motour  attclgno 
son  r6glme  ronxlmum,  c ' est-Jl-d I ro  de  I'ordre  dc  5  secondes.  Puls  lo  rotor  continue  a  se  dilator  mais  plus 
loncemcnt,  Cette  dilatation  correspond  a  la  lento  expansion  thermique  des  dlsques  qul  ont  une  masse 
rclatlveniont  Importantc  et  qul  sc  trouvent  en  dehors  dc  I'^coulement  principal.  Get  effet  therrolquo  lent 
dure  de  5a  10  minutes. 

Cont ralremont  au  rotor,  Ic  carter,  qul  o'est  pas  sourols  aux  forces  centrifuges,  so  gonflc 
lontomcnt  par  effet  thermique  nals  flnlt  par  attelndre  unc  augmentation  dlamutrale  plus  Importantc  que 
celle  du  rotor. 

Le  rcsultat  dc  ces  dilatations  dlffcrontes  ct  dephas^es  cst  qu’ll  y  a  risque  de  contact  entre 
lo  rotor  ct  le  carter  si  lo  jou  a  froid  ou  au  depart  est  irop  falble  mats  egnlcnent  tl  y  aura,  en  regime 
do  crols  ere,  un  Jcu  plus  grand  quo  le  Jou  do  depart,  ce  qul  n'est  pas  favorable. 


,14vl 


Four  llluetrcr  cc  qui  precede,  la  figure  3  repreaente  I'evolufclon  dc&  rayona  turbine  ct  cartOi 
lors  do  I'acc€16vAtlon  d'un  BK>tour  no  comportanC  aucun  systeac  do  ref roldlssctnent  ou  de  contr6ic  du  Jcu 
on  bout  d'auboe>  Dana  le  cas  prcsetit^^  le  carter  cat  revctu  d*abraddblo  pour  prot6ger  le  rotor  lors  de  la 
phaae  contact  avec  Ic  carter  et  pour  redulrc  partlellemenc  le  Jeu  on  regime  uaymptotLque. 

II  est  Evident  que  dea  ph^nooK^nes  volaina  aoralent  ob6Grv6s  apr^s  deceleration  d'un  ooteur  au 
regime  notelnal  sulvic  d'unc  r6acc^l4ration  loraque  le  carter  sc  scralt  refroldi  tandia  que  '.e  diaque 
ecrait  encore  chaud. 

M^nc  si  l!enplol  de  taatirlaux  abradablea  permet  de  r^duite  les  Jeux  en  bout  d*aube8,  une  evo* 
Ivition  dc  ccux^clt  telle  que  le  tsontre  la  figure  3  lalsse  ^  deairer  ct  dolt  ctre  amclioreei  Des  ovethodes 
pratiques  et  efflcacea  dolvent  done  fitre  elabor6c8* 

3  -  METllODES  DE  CONTROLB  UES  JEUX  EN  BOUT  D*AUBBS 


Un  noyon  dHnfluer  sur  le  Jcu  en  bout  d’subes  conslstc  modifier  le  comport.enent  tberoiquc  des 
roues  ot  des  carters.  On  peut  par  exeaple  envlaager  une  ventilation  de  la  cavlt£  entre  les  disques  par  dc 
I'alr  pr€lev^  en  anonc.  Cette  n^tbodc  n'est  coulefols  pas  trda  aouplc  nl  tr^a  efflcacc  ;  e'est  pourquoi 
lea  efforts  out  portca  aur  lea  parties  fixes  ou  carters. 

Lee  Qtoyena  actuclleaent  en  eoura  de  d4veloppeaent  sur  moteur  repooent  eur  des  n6thodcs  de 
calcul  sophiatlquies  [6]  (7)  [8]  qui  sortent  du  cadre  de  cet  expoa^.  Nona  Indiquerona  que  deux  typoa  de 
contrdle  aont  diveloppla  :  contrdle  paself  ec  concr6ie  actlf. 

3.1  -  Contrdle  dea  jeux  en  bout  d’aubes  par  m4thode  passive 

Lee  n^thodea  paaalvea  peuvent  etre  envlaageea  loraque  la  rone  d*^tude  cat  difficile  d'aceSe  et 
d'cncoabreaent  r^duit.  Dane  ce  caa«  le  circuit  d*air  secondaice  et  le  carter  externe  aont  deaaln^s  avec 
soln  et  calculus  avec  precision  au  point  de  vue  theralque  car  il  n'y  a  aucune  poABibillte  d* Intervention 
au  Goura  dea  dlff^renta  cycles  du  aoteur. 

La  figure  4  aontre  un  exeaplc  d* application  au  niveau  de  la  turbine  BF  d'un  aotenr  MTU  de  type 
hellcopt^re  (9] . 

Sana  encrer  dana  le  detail,  nous  indlquerons  que  le  dlaposltlf  coaporte  deux  anneaux  concen’* 
triques  sunpendus  ^laatlqueaent  et  a^par^ment.  L*aiineau  interne*  dc  falble  masse*  esc  refroldi  par  do 
l*alr  proJet4  <1  cravera  Les  trous  sltu^a  dans  I'anneau  externe.  Slgnalons  egalement  que  l*anneau  interne 
eat  reconvert  de  nld  d'abelllea*  en  guise  d'abradablc*  aur  aa  face  en  regard  dea  uubea. 

3.2  -  Contrdle  dea  Icux  en  bout  d*aubee  par  a^thode  active 

Lea  nfithodee  actlvee  aont  envLsageablea  loraque  ia  place  le  peraet  mala  ellea  aont  g^n6ralcment 
pr^f^rabiea  car  par  prlncipe  plus  aouples  et  adaptables  d  dea  condltlone  de  foncrlonncaent  dlverses. 
Elies  consistent  d  r4gler  la  temperature  du  carter  «  une  valeur  optiaale  lice  au  regime  du  moteur*  si 
I'alde  d'un  dlaposltif  de  ref roidlaacment  utlliaanc  de  l^alr  pr§lev€  le  plus  en  anont  possible  et  en 
liaison  avec  des  mSthodes  complexes  dc  calculs  d'effeta  chermlquea  en  tranaitolre  prenant  dgalement  en 
compte  le  rotor. 

La  figure  3  montre  un  example  d'appllcatton  4  un  etage  de  turbine  BP  d'un  moteur  double  flux 
rw.  Le  carter  turbine  eat  entour6  dc  tubes  4  travera  Icsquels  I'alr  de  ref roidlsseraent  eat  projete  pour 
aaenor  le  carter  d  la  temperature  voulue.  GrSce  A  une  regulation  par  vannea  du  debit  d'alr*  11  eat  done 
possible  de  contrdlcr  aedvement  la  temperature  du  carter  en  fonctlon  du  point  de  fonctlonnement . 

A  litre  d’cxemple,  la  figure  6  montre*  au  niveau  d'unc  turbine  dont  le  carter  est  refroldi, 
revolution  du  Jcu  en  fonctlon  du  teapa  lora  d'unc  acceleration. 

Le  ciirtcr  ctant  revetu  d'abradable*  11  y  a  legdre  penetration  lorsque  I'on  atteint  Ic  i-eglntc  do 
crolslere,  ce  qui  permet  de  fonctlonner  A  jeu  pratlqucment  nul. 

SI  de  tellea  methodea  actives  eont  efflcacea  et  utlllaables*  par  centre  dies  necessltont  des 
methodca  de  prevision  sophlstlquees  pour  les  calculs  therolquea  en  tranaitolre  ot  une  architecture  specl- 
fique  des  roues  comme  des  carters,  qui  est  obUgstoirement  source  de  dlfflcultes. 

Une  autre  faqon  de  controler  actlvement  le  Jeu  conslste  ^  ’'surer  en  permanence  cc  jcu  et  a 
reguler  en  consequence  la  temperature  carter. 

A  cet  effet*  I'ONERA  a  entreprls  la  mlsc  au  point  d'un  ct.  .  pour  lvi  mcr.ure  des  jeux  en  bout 
d'aubea  ;  la  n^thode  d^vclopp^e  est  une  m4thod«  capacitive. 

4  -  CAFTEUR  CAPACITIF  POUR  LA  HESURE  DU  JEU  EN  BOUT  D'AWBES 

Dlverses  tentntlvec  out  §tc  dccrltcs  dans  la  Ittt^rature  technique  pour  mesurcr  les  Jeux  dc 
faqon  continue  (10)  (11)  (12). 

Les  capteuv'j  utllisant  les  cournnts  de  Foucault  sont  rapldoment  Unites  d  une  freqtience  de 
pnssuge  des  aubes  de  I'ordre  de  4  kHz  ct  d  une  temperature  de  fonctlonnement  no  depass^nt  guere  LOO  C. 

A  notre  conualssanco*  seulo  la  technique  "A  electrode"  utlllaSe  par  ROTADATA  (13)  a  attclnt  lo 
stade  op6ratlonnel  et  la  commercialisation.  Toutefolo,  cette  sonde  qui  nccesnlte  une  durbe  d'cchantlllon- 
nage  dc  I'ordre  de  20  s  n'lndiquc  que  le  jeu  olnimum  et  no  pernet  pas  d'eftcctuer  des  mesures  en  transl- 
tolre. 
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Quaint  aux  cnptoiirs  capocltlfn  dccartta,  11  ne  tiotablc  [>as  p,u'11s  aicnt  attclnt  le  t'tadc  dc 
I'caplol  syst6natlquc  sur  macnlno. 

Cccte  tcctiniquti  capacitive  cat  cello  quo  noua  avonr;  egalemcnt  cholslo  ^  I'ONKRA,  car  a  itotre 
avis,  la  nlGux  ndapt^e  aux  frequences  elevens  do  passage  d^s  aubes  (20  a  30  kHz)  ct  aux  tooiperaturcs 
c-lovccs  (1000  A  1200  C). 

Le  prlnclpc  on  cst  fort  slaplo,  pulsqn'll  cotiaiate  A  Acsuror  la  variation  do  capacity  oxlstant 
outre  I'cxtrcatto  d'unc  aube  ot  l*arfte  contralo  du  captour  lorsque  I'uno  ot  I'autro  Gont  on  regard  ct  qtic 
la  distance  varle  entro  I'aubo  ot  Lc  captcur. 

La  figure  7  nontre  un  tel  captenr  dont  I'archltocture  repooo  sur  une  technique  trlaxiale 
Indispensable  A  l'6UmInatlou  dea  effets  de<;  capacites  parasites  liees  aux  variations  dc  tenpcratutc* 
D'fiutre  part,  unc  tccliniquo  partlculldru  do  r6allsaCion  6vltc  que  I'cl^ncnt  sensible  du  captcur  puissc, 
cn  fonction  do  la  temperature,  sc  dcplacor  par  rapport  A  la  galnc  externe  ollo-muioc,  aligndo  au  montage 
avGC  la  parol  interne  du  carter. 

Une  oloctronlquo  do  oesure,  assocl^o  au  captcur^  permet  de  visuallr.er  sur  oscilloscope  lo 
passage  do  toutes  Lcs  nubes  cc  do  Rvesurer  chaque  10  tours  dc  roue,  le  Jcu  outre  le  carter  ct  I'aubc  la 
plus  longue,  c ' cst'-a-diru  Ic  Jeu  nlnlnal.  L*ctcctronlquc  permet  6galement  d'cffectuer  un  ctalonnago  sur 
site  ou  on  laboratolre  avco  un  norccau  d* aubes  idontlque  a  celloc  de  la  roue  consid6r^c« 

Conme  cxeaplo  dc  r^stilrats  obtenus  avee  un  tcl  capteur.  la  figure  B  visualise  ic  passage  des 
bUbes  d'unc  roue  comportant  90  aubes  mals  cgalement  deux  sccteurs  diaaAtrn lament  opposes,  chacun  de  ecs 
ucetcurs  sc  coenposant;  de  9  auhea  dc  hauteur  degressive  par  0,05  mm  puls  0,10  am.  L'icart  entre  I'aube  la 
plus  courtc  et  uno  cube  dltc  longue  est  de  0,6  mm. 

La  figure  9  nonerc  I'^vol-itlon  du  jcu  niiniaum  aesure  ru  droit  do  cette  mAme  roue  en  fonctlon  de 
la  vitessc  dc  rotation  ou  dc  la  frequencu  de  passage  des  cubes*  La  r6ductlon  du  jeu,  dGe  esscntlcllencnt 
aux  effets  centrifuges  dans  ce  cas,  est  Men  alee  en  ^vldcncct  Un  tel  capteur  rApond  jusqu'A  unc 
frequence  dc  passage  des  aubes  dc  I'ordrc  dc  20  kllr.  ct  fonctlonnc  actncll^roont  jusqu'A  dts  CempBraturcs 
dc  I'ordro  de  600  C.  Quant  A  aa  precision,  clli.  eat  d'autant  plus  gratide  que  le  jcu  est  petit  ;  dc 
i'ordro  (ic  5  X  pour  un  jeu  volstn  de  0,2  cam  et  de  I'ordre  do  15  X  pour  un  Jcu  volstn  de  0,8  on. 

Pour  Juger  dc  la  valldLt6  des  rCsultats  obtenus  avec  cc  capteur,  des  taesurcc  comparatives  ont 
§t4  effectuucs,  Sur  la  roue  |i(‘6c6dcntc,  avec  une  sonde  ROTADATA. 

Pour  des  rslGoiiB  techniques,  lec  laesnrns  n'ont  pu  8tro  cffecru6ee  en  nlmc  tenpd  avec  le  deux 
ceptGut'G  mals  des  precautions  ont  prisus  pour  que  les  conditions  de  roncclonMCSunt  vsaient  lcs  plus 
volsinee  possibles*  i.us  rdsultats  obtenus  sont  reprdscntds  aur  la  figure  10  et  I'on  oboerve  un  recou' 
pemont  d'enseoblc  satisfalssnt  si  I’on  nc  perd  pas  de  vue  que  io  sonde  ROTAOATA  nesure  le  Jeu  nlnlmun 
tandls  quo  ic  capteur  capaciclf  nuaurise  Ic  signal  maximum  qul  peut  provenlr  d'unc  au'oe  un  peu  plus 
6palscc  mais  un  peu  plus  courtc  que  I'aube  effeettvement  la  plus  longue  ;  lee  roesures  ne  sent  done  cas 
forccmccit  effectudes  sur  la  oBme  auKe* 

5  --  CONCLUSION 


11  cat  clal  r  que  Ins  pcrforaauces  a6rodynaDiqu€9  des  conpresscurs  ot  des  turbines  dee  moteurs 
modernen  ct  particulidroment  des  machines  dc  petite  calilc,  sont  Influencees  par  lcs  jeux  cn  ho  it 
d'nubGc.  Visor  A  optlmlser  cc  parandtre  qiioJ.que  aoit  Ic  rdglme  de  fonctlonnement  est  done  un  objcctif 
iaporrant,  source  poeslblc  do  gains  non  ncgligeablos. 

Dos  metliodoA  passt’'^#;  ou  actives  de  contr61e  du  Jeu  en  bout  d'aubes  sont  on  d6vcloppcniunt  ct 
Qenc  c*ii  application  ot  conduieent  A  des  r^sultuts  posltlfs.  II  scmblc  toutefols  qu'un  systdae  permanent 
de  fflooure  du  Jcu,  assocl^  A  unc  technique  de  contrGlc  actlf  permettrait  unc  melllourc  optimisation. 

f)cu  rcsultatn  cncoiiragcants  ct  Ifit^rossants  ont  etc  obtenus  sur  le  capteur  cnpacitlf  en  o.ours 
dc  devfloppement  2  I’ONKKA. 

Des  ameliorations  peuvent  cortes  6tre  apporlves  tnnt  au  point  dc  vuo  prBcislon  que  doitalno 
d ' ut  i  i i sat  Ion  vers  los  hautes  tcropGrattires  reiicont roes  dann  los  turbines. 
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FLgi  I  -  Cooprosseui:  axial  oultlctagcs 

Influence  du  jeu  radial  cii  tctc  das  aubes 
sur  Ic  randccnciit  et  Ic  taux  dc  compraaalon 
(Ics  jeux  sonc  indlquca  an  pour  cant  da 
t^autcur  d'auba) 
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Flf*.  2  -  Turbine  :  evolution  de 

l*6iglc  dc  uortle  roue  en  fohecion 
du  jeu  rclatlf  en  tSte  d'aubc 
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Fig.  3  -  Evolution  des  jeux  redloux  turbine  lots  d'une 
acc61  Miration 


Fig.  !3  -  Kxenplo  d* application  d*un  syatdao  actil  de 
coiilrdle  du  Jeu  en  bout  d'aubos  (turbine  PK) 


Fig.  4  -  Kxenple  d* appli¬ 
cation  d'un  uystdmc  pusnif 
dc  contrf'lc  du  Jou  en  bout 
d’aubcc  (tL"^binc  HTU) 
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DISCUSSION 


U.K.Hcnncckc,  Gc 

At  what  inaxiinuni  ‘.etn|>cralure  can  you  operate  the  tip  clearance  proirc?  Is  it  already  suited  for  actual  use  in  an  engine 
as  part  of  the  control  system'' 

Kepolisc  d'Aulciir 

La  limitc  d'utilisation  est  ci  nipatible  avee  dcs  inesurcs  sur  turbine  mais  it  faut  s'assurcr,  qu'en  fonction  dc  la 
icmpcratiirc,  la  partie  sensible  dn  eapteur  tie  sc  dcpiaec  pas  dans  un  sens  on  dans  I'aiitre  par  rapport  it  la  face  dc 
reference  cunslitucc  par  la  gaine  externe  du  eapteur.  Cest  uniqucinent  un  problems  technologi(|tic. 

L.'intcrct  final  d’un  tel  eapteur  est  dc  piloter  un  systeme  de  controle  nclif  dii  jeu. 

G.M.Dibclius,  Gc 

L'ctalonnage  du  eapteur  capacitif  est-il  cffcctiic  pour  Ics  conditions  dans  la  machine  ou  du  laboratoire?  Est-cc  qti'il  y  a 
i.n  effet  du  temperature  ou  du  eomtrusition  du  ga/.? 

Repnnse  d' Auteur 

L'ctalonnage  est  fail  sur  la  machine  a  I'arret  ou  cventiiellemcnt  cn  laboratoire.  Nous  n'avons  pas  actiiellcmcnt 
d'inforination  sur  rinflucnce  du  la  temperature  du  gaz  ct  sur  I'influence  de  la  eoin|>osition.  Cest  im  controle  qu'il 
faudrait  uffeetivcincnt  faire. 

F.  I'arada,  UK 

Have  you  attempted  to  predict  the  variation  of  tip  clearance  with  rotational  speed  and  thermal  conditions  using  a  finite 
element  package  or  any  other  predictive  device? 

Repnnse  d’ Auteur 

La  variation  du  jeu  avee  la  vitesse  de  rotation  n’a  pas  etc  ctudicc  thcoriquement. 

R.Eggebrecht,  Gc 

One  of  your  examples  of  power  turbines  uses  a  rotating  shrouded  ring  of  turbine  blades.  Do  you  see  possibilities  to 
apply  the  capacity  method  to  rotating  shrouds  where  you  do  not  have  discrete  signals,  and  have  you  actually  done 
measurements'.’ 

Repnnse  d’Auteur 

La  tcchni(|uc  capacitive  peut  ctre  appliquec  it  dcs  mcsiires  dc  jeu  dans  Ic  cas  dc  rouc.s  a  jointc.  La  mesure  est  mcme  plus 
facile  car  Ic  problcme  dc  reponse  eii  frequence  ne  se  pose  plus. 

Nous  n'avous  pas  effectue  des  mesures  systematiques  dans  uiie  telle  configuration. 


SIMIH.AHON  NlJMb.KigilE  lyFX'OJJLEMENISTDRBlJLtN  IS 
DANS  DF.S  <  AVn  FS  ANNliLAlRES  ENTRE  IMSgilF:S  FIXES  El  MOBILES 

par 


Denis  l!)utiiya 
ONl-JtA 

Avenue  dc  la  Division  I.eclerc 
^^232()Chalillon  stuis  Bagneux 
I’rancu 

RKSUHK 

Cet  Article  prisente  les  premiers  d&veloppenents  d'un  code  de  simulation 
nut&6rl<)ue  dcs  ecoulements  et  des  transferts  therniques  T  l*lnt^rleur  des  cavites 
antuilaircs  entre  dlsqucs  fixes  ou  mobiles  des  turbotnachinew'* 

II  conporte  unc  description  succlnte  de  la  re&tbode  dc  cnlcul  ct  dti 
noddle  de  turbulence  utilise,  puls  montre  quelque.s  exenplee  dc  slnulatlons  nuin&- 
riques  effectufics  dans  dea  configurations  g^on^trlques  simples  :  calcuLs 
d'acoustlque  dans  des  cavlt^s,  puls  de  divers  6cov«leRente  turbulents  avec  pertes 
dc  charges  slngulldrcs,  et  cnfln  simulation  d*4cc.‘*ieiaent8  dans  des  cavlt&s 
annulalrcs  intcrdlsques,  alimentccs  ou  non  par  un  ddblt  centrifuge.  La  confron* 
tation  avee  des  resultats  de  mesures  publics  dans  la  llct&rature  permet 
d'apprecler  les  qualit^s  et  lea  Unites  de  la  mod^llsatlon  cholsie  pour 
reprdaenter  Les  pbenorndnes  turbulents. 


SIMULATION  OF  FLOW  AND  HEAT  TRANSFER  IN  ANNULAR  CAVITIES 
BETWEEN  DISKS  IN  TURDOMACHINEBY 

This  paper  presents  the  first  developments  of  a  numerical  code  for 
prediction  of  flow  and  heat  transfer  within  the  annular  cavities  extending 
between  the  rotating  atid  statlonnary  disks  of  turbomachlnes. 

It  presents  a  short  description  of  the  numerical  method  and  ot  the 
turbulence  model  used,  nod  showe  a  few  examples  of  calculations  performed  In 
simple  flow  configurations  i  acoustics  within  cavities,  some  turbulent  flows  with 
singular  head  losses,  and  flow  calculations  In  shrouded  disk  systems  with  or 
without  radial  outflow.  Comparison  with  pubHahed  experlnental  data  allows  to 
measure  the  qualities  anJ  limits  of  the  chosen  turbulent  ii'ndol. 


NOTATIONS 

CL  rayon  cxt^ricur  du  dlsquc  rotor 

A»,A4  sections  d*entr6e  ct  dc  sortie 

b  rayon  dvi  moycu 

Cf  chuleurs  sp^cLfiques  a  prcsslon  et  d  volume  constants 

C#px  coefficient  de  couple  ^  C  /  y  J 

Ct  “  (f>b  -  FO  ^  t  ?  '^^<5 

Ctjv  Uontroplque  (conditions  generatrices  hX  h  I'entree  ct  presslon  statique  a  la  sortie) 

*  >n/^ia  ,  dSblt  redulc 
Vitesse  du  son  M) 
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dlan&tres  des  caiiaux  d'entree  et  de  sortie 
tcnscur  de  defomiatlnn 
6nergie  totalc  (3/kj) 

.  A  /  (X 

*  ^ 

cnthalplc  d'arret 
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I  .  INTRODUCTION 


Lcs  phenoQ^nea  de  tranafert  dc  masse  et  de  chaleur  dana  lea  cavitGs  unnulalres  Interdisques  dca 
turbomachlncs  ont  un  effet  important  sur  les  performances  globales  et  sur  la  durGe  de  vie  des 
motenrs  :  Ics  ccoulenents  qul  lea  traversent  partlclpcnt  i  la  poussGe  axlale »  d  la  puissance  dissipGe  et 
aux  fultes.  11s  condltlounent  le  ref roldlssescnt  des  disques  de  turbinci  prennent  part  ^  I'Gchauffement 
du  voile  du  compresseur.  et  peu/ent  uGgradcr  I'Gcouletecnt  principal  par  soufflage  ou  par  aspiration  de 
fluldc  au  iiLvcnu  dca  Jeux»  C'est  aussl  d  travets  ces  cavltGa  que  la  chalnur  s'ecoule  des  parties  chaudes 
vers  Ics  parties  froldesr  cc  qul  determine  I'Gtat  thermlque  (contralntes  ct  dilatations)  des  pieces 
metalllqucs,  aussl  blen  en  regime  pernanent  qu'au  dGoorrage* 

Ces  problGmcs  sont  gcnGralenent  traitGe  de  faqon  globale,  i  I'alde  de  corrGlations  expGri- 
mentalee  et  de  calculs  fondle  sur  des  otGthodee  intlgralen  [3]  d  [11^  car  la  gGomGtrle  des  cavltGs, 
desslnle  plus  cn  function  de  contralntes  pratiques  d'cncombrement  ou  de  rlslstancc  des  nntGrlaux  que 
Buivant  des  crltdres  d'aerodynamlque,  ae  prGte  dlf f Icltenent  aux  analyses  dltaillGes*  Les  Gcoulements  qul 
en  rGsultent  sont  en  glnlral  complexes  :  trtdisienslonnels,  11s  sont  le  slGge  de  dGc<.  llements  lmportants» 
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dc  raolangcs  de  Jets  i  forte  vltosse,  d* accelerations  btutalca  ^  travers  les  Jeut,  et  dc  ph^nom^nes  de 
centrifugation  pres  dcs  parols  tonrnantes*  C’est  pourquol  les  phSnonenes  Irreverslbles-mfelanges 
turbulcntSi  iUsslpatlon»instablllt&s  dlversca-  jouent  wn  r61e  determinant,  aussl  blen  sur  les  cransferta 
do  ch.nlcur  que  sur  I'ecuulemcnt  lui^aSme* 

L*^tudo  ongagOe  ^  I'ONKKA,  cn  collaboration  avee  les  soclitee  SNECMA  et  TURBOMKCA,  compofte  un 
volet  experimental,  on  cours  de  realisation,  ct  unc  partle  nanerlque,  dont  on  prSsente  cl-desaoua  les 
premiers  d^vcloppements. 

La  simulation  numfcrique  a  pour  object  If  de  falre  la  part  des  divers  ph^snom^nes  entrant  en  jeu, 
do  comprendre  Icufs  m^canlsmes  et  leurs  Interactions.  Elle  repose  d'une  part  sur  une  technique  d* inte¬ 
gration  des  Equations  de  I ' ficoulement  (Navior  Stokes  turbulent),  et  d*autre  part  sur  la  modellsatlon  des 
transfeits  turbulents.  La  prlnclpalc  difference  avec  d'autres  etudes  du  iR5tae  type,  par  exemple  |12], 
(13),  ot  (14),  reside  dans  la  tentative  dc  traitor  des  g6om4trlcs  plus  complexes* 

Cet  article  pr^sente  lea  grandes  llgnea  dc  la  aethode  de  calcul  et  du  code  qui  en  r^sulte,  ct 
montre  quolques  oxctnplos  dc  simulations  nure&rlques  effcctuies  sur  des  conflgurAtlons  g^om&trlquea  alaplea 
dans  le  but  d'appr6cter  Ics  qualit^a  ct  les  d6fauts  du  code  ct,  eventuellement  d'am^Iiorer  les 
hypotheses* 


2 '  la  metmqde  numeriqub  et  le  code  de  calcul 

2.1.  Les  Squatlons  tl**.  1*  fecoulcnent 

L'^coulcment  trldioenslonnel  cst  suppose  axlsym^trique  (  »/M  »  0)  t  la  tBaSBC  volumique  p  , 

l*6nerglc  totale  ^  E,  et  lea  trols  composantca  de  la  vltcsse  ||  ,  soient  U  (radlale),  W  (axiale)  et  V 
( tangcnticllc) ,  no  dSpend^'nt  que  de  la  position  r,  z  dana  le  plan  m^rldlen,  ot  du  temps  t*  Cette 
hypothdsG  allege  consid^rablcmont  lea  calculs,  male  exclut  4vldetnaent  les  Injections  par  orlfxces 
dlscrets,  les  Instabllitca  tangentielles  et  Les  decollements  tournants* 


Le  flulde  cst  un  gaz  parfalt,  compressible,  vlsqueux  ot  conducteur  de  chaleur,  avec  transferts 
mol6culairos  et,  oventuellement,  turbulents. 

Sous  forme  dlf f^rentlolle  conservative,  lea  equations  de  bllan  de  I'^coulcmenf.  peuvent 
s'ecrlre  : 
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l.c  tensour  due  contralntes  X  ic  vectcur  density  dc  flux  dc  chaleur  ^  aont  la  soune  dca 
parties  lamlnaircs  et  turbulentcs*  On  dcflnlt,  par  analogle  avec  la  vi5coslt6  raol&culalre  ^  ,  un  coef¬ 
ficient  dc  vlscosit6  turhulente  ,  cc  qul  nerenet  de  roller  au  tenseur  des  deformations  ^  : 


<2) 


-  f  I  ♦  fJ**/*.)  F-“-]  S 


^  etant  le  tenseur  unite  ct 


k  l*6nergl«  cln&tlquc  de  turbulence*  Dc  m^me  : 


O) 


l.a  viscositc  turbulontc  ,  alnsi  quo  K  ,  aont  cxprlm^es  cn  function  des  conditions  locales  auivant  une 
hypotheac  dc  type  longueur  de  melange  (  . 


(^) 


Knfln,  la  longueur  dc  melange  cet  reliee  solt  A  la  g§ometrle  de  la  cavlt6  ou  volslnage  du  point 
consldfr^  avec  lec  constantes  classlqucs,  aolt  3  la  taille  dc  in  toalllu  (volume/aurface)  sulvant  la 
technique  de  la  “turbulence  de  soU8**grille‘'. 

11  faut  Boullgnor  que  lea  hypotheses  (2)  ct  (3)  de  turbulence  Isotrope  sont,  au  moins  autant  que 
Is  relation  (A)  exprlnant  un  ^quillbre  statiaclque  local,  aujettes  S  caution  dans  les  zonea  de  d^col- 
lenent • 
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2.2.  La  ptthode  d* Integration 

On  construit  sur  le  donalne  de  calcul  un  r^seau  qui  deflnlt  un  enscable  de  volunea  ^14nentalrc8» 
donl  la  trace  suv  un  plan  nlridlen  eat  rectangulaire  (voir  figure  1).  Un  code  attach^  4  chaque  cellule 
deflnlt  aa  structure  : 


cellule  flulde  de  calcul,  caract£rlsee  par  la  oaaae,  I'inergle  et  la  quantity  dc  souvenent  tangentlelle 
qu'ellc  contient, 

~  cellule  flulde  d*entr4e  ou  de  sortie,  pcmettant  l*inJection  ou  I'aapLratlon  de  flulde  sulvant  des 
conditions  donniles  (4tat  g6nerateur  |i^  ,  ,  il^  ou  prcsalon  statlque  ^  par  cxenple), 

*■>  cellule  solide  (parol),  dont  lea  caract^ristlquca  diflnlasent  la  vltesse  angulalre  il^  et  les  cond^^lons 
thermlques  locales  d66lr^e8. 

Le  nouveaent  du  flulde  dans  le  plan  ok^rldlen  est  d^finl  par  les  flux  de  nasse  ^Ut  et  fWt  h. 
travers  les  interfaces  I  et  ^  entre  lea  cellules. 

Lc  systdmo  (1)  est  discrctls^  sur  les  anlllos  du  r^seau  sulvant  one  technique  de  volumes  finis 
[L),  qui  garantlt  la  conservatlvlte.  Afln  de  llaiter  la  dissipation  nuu^rlque,  les  hypotheses  permettant 
d'exprlraer  les  flux  d* Interfaces  sent  eya^trlques  (centr^es).  Rntre  parol  et  flulde,  lea  echanges  sont 
cxprlmia  d  I'aide  de  "lots  de  parol",  qul  pre-lntdgrcnt  les  portions  de  couche  Unite  correspondantes. 

Lc  systdoe  d'equatlons  dif ferentlelles  ordinalres  alnsl  obtenu  est  alors  int^gr^  au  cours  du 
teaps  grSce  d  une  nfithodc  itnpllcite  llniarlsee  [1],  plus  ou  molno  centree  grftce  d  un  patandtre  {  que 
l*on  peut  ajuscer  de  ^  ^  1/2  (Crank'-Nlcholaon)  d  4  ''  1  (tctaleuent  Impllclte). 

Cette  cD^thode  pemet,  en  prlnolpe,  de  s'affranchir  du  erltdre  CFL  de  stability  Lln^alre,  et  done 
de  cholslr  un  pas  en  temps  t  en  fonctlon  du  teups  de  relaxation  le  plus  grand  et  non  en  function  de 
I'acouatlque  locale.  Une  la^thodc  de  factorisation  (1)  est  cependant  nlcessalrc  pour  renplacer  I'lnvcrslon 
de  la  matrlce  globale  alnsl  obtenuc  par  une  succesalon  d'inverslons  de  oatrlceo  trldlagonales  par  bloc. 

Le  code  dc  calcul,  nonuB6  ICARE,  alnsl  obtenu  penaet  d*obtenlr,  pour  une  sinulation  d' §coulemcnt 
turbulent  dc  nombre  de  Reynolds  6gal  d  un  million,  une  solution  stationnaire  d  partlr  du  repos  en  1200  a 
1600  Iterations,  d  condition  de  cholslr  convcnablemenC  le  pas  en  tenps  T  .  Le  teaps  de  calcul  est  dc 

secondc  par  maillc  flulde  et  par  Iteration  sur  un  calculateur  CYBER  170/750.  Le  nombre  dc 
variables  ^  atocker  eat  dc  l*ordrc  de  20  fols  le  nombre  de  cellules  fluldes.  la  g6om6trle  et  dlfflrcnts 
types  d«  conditions  aux  llmltes  (4  types  de  parols  fixes  ou  iournantes  ct  4  types  d'entrSes^sortles)  sont 
introdults  facllement  au  niveau  des  donnlies.  Le  progracoae  petmec  d'effectuer  des  calculs  2D  plan  ou  3D 
axlaym^trlques. 


IV 


Sor(/e 


fig.  1  —  G4omitri9  et  r^seau  de  cafeut.  B?(emple  :  1  rotor 
R  •  2it9tors  S,  2  ontr^es/sorties 


axe 


3.  PRESENTATION  DK  QUELQUK5  RESULTATS  DK  CALCULS-TEST 

Avant  d'etudler  les  configurations  de  cavlt^s  complexes,  et  en  attendant  les  prenldres  campagnes 
de  loesureB  sur  le  banc  d'essai,  11  ost  n^cessalre  d'analyaer  les  proprllt^s  de  la  simulation  nua6riquc, 
ct  dc  cenfronter  les  r^aultats  du  calcul  aux  donn6es  exp6rimentales  dlaponitles  dans  la  lltr6raturc. 
Plutut  que  de  nous  concentrer  sur  tine  configuration  unique,  nous  avons  prefSre,  dans  un  premier  temps, 
slmuler  des  ^coulements  de  formes  les  plus  dlverses  possibles,  sans  entrer  dans  le  detail  dc  chacun  des 
cas  consld^res.  C'est  alnsl  quo  sont  pt6sent60  cl-dessous  quelques  calculs  de  prlnclpe  d'acoustlque,  puis 
dlverses  configurations  d*^coulenenta  simples  avec  pertes  de  charges  "slngull^res" ,  et  enfln  des  confron** 
tatlons  avec  les  aesures  effectuGes  dans  des  cavitGs  amiulalres  au  HIT  (6]  et  k  l*UnlversitG  de  Sussex 
[91.  (10),  (U). 
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3.1.  Propi*lct6s  acoustlques  d»  code  LCARE 

Un  programinc  d'6couIcQent  pretendant  a  calculei*  I* Inatatlonnairc  dolt  ^videmment  etre  capable  de 
slmulcr  dans  aes  grandes  llgnes  Ic  phenom^ne  Ic  plus  simple  :  I'acoustlque  Itneaire.  Divers  calculs  ont 
noutre  quo  do  cc  point  dc  vuc«  et  si  on  se  cantonne  au  qualltatlf,  la  n^thode  utllis^e  n'lndult  pas  de 
dissipation  nua6riquc  notable  sur  Ics  ondes^  ct  reacitue  les  syst^mes  d'ondes  statlonnalres  blen  connus 
dans  Ics  cavLt^s  -ferm^cs  ou  ouvertes  ^  l^atmoaph^re**  autant  que  le  permet  la  discretisation  spatlale. 

La  figure  2  montre  troLs  conf iguratlons»  la  premiere  unldlmenslonnellc,  avee  un  cote  feme  et  un 
cote  nuvort  e  1' atmosphere «  les  dcu?t  autres  bldlmcnslonnellcs.  L'cxcltatlon  des  modes  est  rcallsec  dans 
les  deux  premiers  cas  par  la  nontee  progressive  (en  50  iterations)  de  la  presslon  ambiante,  et  dans  le 
troisiene  cas  2C  par  obturation  brutale  de  I'ouverture  de  la  cnvlte  2b  en  cours  d'evolutlon. 


F2 


Fig.  2  ~  Configurations  de  calcuis  pour  les  pMnom^nes 
acoustiques. 


Les  figures  3,  4  ct  5  aoncrent  I'evolution  perlodiquc  de  la  presslon  au  fond  F  des  cavltea»  sans 
dissipation  notable  nu  boot  do  plusleurs  dlzaines  4e  perlodes*  Les  dlfferents  modes  apparemmenc  calcuies 
sent  A  rapproeber  des  valeurs  theorlques,  flgurbes  sous  forme  d’echelles*  soient  >T»/1  »  \/S  y,., 
pour  la  cavite  2a  et  T«»^L/c«  ,  *^»/3  ,  pour  2C*  Ces  calculs  sont  effectu^s  pour  unc 
vnlcur  du  parangcre  ^  egale  A  1/2*  La  figure  6  montre  qu*un  noyen  commode  d*^touffer  artif Iclellement 
CCS  ondes,  '’m^taoires"  du  processus  de  demarrage,  eet  de  cholslr  ^ 

Enfin»  on  a  pu  v6rlfier  que,  dans  le  cos  d'un  4coulement  dans  un  canal  de  longueur  dont 
l'6tat  g^nerateur  ^  cst  fix$  I  L'entrfie,  et  dont  la  presslon  statique  ^  est  donn§e  S  la 
sortie,  la  solution  statlonnalre  sc  stabilise  au  bout  d'un  temps  &gal  n  cinq  ou  six  fols  le  temps  de 
sSjour  L/0  f  resultnt  qul  pent  etre  deraontr^  thcoriquement  i  partir  des  Equations  d'Euler.  Cc  temps  peut 
cependant  augaenter  conslderablement  ei  les  phinom^nes  visqueux  ont  un  effet  notable  sur  la  presslon  I 
1 *cqulllbre . 


Fig.  3  -  Oscillations  depression  •  Ccr^figuration  2a. 


35'(> 


3 « 2 .  Calculs  de  pertes  de  charge  dans  dee  conflgurattonn  simples 

l,«8  debits  injectfeb  dans  certatnes  cavltSs  entre  les  dlsques  de  turbines  pcuvent  Stre  assez 
Sieves.  Dans  ce  cas,  Ics  pertes  de  charge  Indultea  par  les  d^collcmonts ,  les  changements  dc  direction  du 
flulde  et  les  interactions  de  Jets  dctenalnent*  au  moln?:  autant  que  la  centrifugation,  lea  profile 
radiaux  de  presslon.  IL  s’avdre  done  capital  d'apprecler,  sur  des  configurations  aiaples,  la  faqon  dont 
la  simulation  num§rique  peut  representor  de  teis  ph^nom^nes,  cu  egard  au  module  de  turbulence  rudi'* 
nentaira  ct  I  unc  6vcntuelle  diffusion  uunerique.  Dee  calculs  ont  done  Ste  effectu^s  dans  diverses  confl* 
gurntlons  de  prlncipe,  telles  que  celles  repr^sentees  sur  les  figures  7  a  10,  Solent  : 

-  un  canal  cylindrique  dont  la  section  cst  augment^e  brusqtiement  de  A«  d  A,  (  Ai  /  A«  2.2S)  :  confi¬ 
guration  l.A  , 

-  un  canal  cylindrique  associe  a  uu  dlff\iacur  tronconlque,  de  longueur  et  dc  rapport  dc  ccctlons 

A» / A,  *  2,25,  soft  uu  derai-angle  d'ouverture  de  ll*  environ  ;  X-'b  » 

-  un  canal  cylindrique  avec  r^trScisseoent  brusque  (  Aa  /  •  2.25)  :  T-C , 

~  un  ccouleaent  plan  avec  vlragc  bruaque  (  /  Ae  *  1)  • 

-  un  ccoulcment  plan  avec  deux  coudes  consccutifs  ( A«/ A«  *  1),  La  distance  entre  los  deux  coudes  4tant 
chotsle  de  fa^on  qtie,  d'apr^s  les  meaurcs  [2),  le  deuxline  coude  n'lnduise  que  peu  de  pertes  supply-' 
mentaircst  I .  E  , 

Dana  tous  lee  caa,  l'6tat  g^nerateur  (  ^«  ,Ta,  )  c8t  donn§  d  l*entree,  et  la  presslon  statlquc 
(  )  est  flx6c  d  la  sortie*  le  nonbre  de  Mach  cst  Inferleur  d  0.3.  Le  calcul  fournit,  en  plus  des 
proflls  de  vitesse  montres  our  les  figures  7  d  10,  lea  proflls  dc  presslon  (figures  ll,  12,  13  et  14)  sur 
lea  parols  et  sur  I'axc  (pourT‘k,T*%  ctl-C  ),  et  sur  la  parol  concave  (  Z.2>  ctr.C}* 

Bicn  que,  dans  los  trols  dcrnlers  cas,  les  longueurs  dcs  canalisations  aval  ne  acnblent  pas 
suffisantes,  les  variations  de  presslon  Cp  entre  l^entree  ct  la  sortie  ct  les  debits  s*t  alnsi  calcules 
ont  etc  cotnporcs  aux  quantites  correspondantes  et  4^  obtenues  d  partlr  des  donnecc  exp^rlmnr.talcs 
)  (pvrtGS  de  ctiarges  slngulidrcs  et  par  frottencnt  parietal)  tiroes  de  (2].  C'est  cc  que  oiontrc  Ic 

tableau  1,  dans  Icquel  on  a  aJout6  Ics  vnleurs  Isentropiquce  pour  appr&cler  I'cffet  dc  la  perte  de 
charge. 


Fig.  1!  —  A  -  Elargissemsnt  brusque  a  ^  Off" ; 
B  ■  Diffuseor trottcontqiw a  **  IF*  •  //Do* 


f/p.  14  -  Distribution  de  pression  caicuUe  te  long  de  ta  parol  extftrne  A‘C1C2  S 
de  fa  configuration  £. 


Calcul  Calcul 

_! _ ! 


Configur. 

Cpis 

Cp 

Cp 

rii/rhis 

fh/rhts 

A 

-0,00 

-0,45 

-0,43 

0,60 

0,59 

B 

-0,80 

-0,67 

-0,69 

0,78 

0,80 

C 

0,80 

1,13 

1,28 

0,37 

0,82 

D 

0 

0,86 

1,08 

0,73 

0,69 

E 

L_l_ 

1 

1,14 

0,71 

0,68 

Me$ur«  Mesures 


Tableau  t 


La  conftontatlon  s'avdre  bonne,  mala  nc  pemet  pas  de  conclure  sur  I'extansion  dea  d^collements 
ct  sur  la  longueiif  f^'homog^nelsatlon,  qul  flxent  le  gradient  de  preaslon  ^  .  D'autres  calculs  effectuci 
Q'rec  une  longueur  de  oiclange  plus  falble  *  0.05  au  lieu  de  0.09)  ont  nontr^  que  On  ct  Cp  ne  sont 
poj  notablotacnt  aodlfl^a  (aauf  dans  le  caa  T.  I  ),  uiaia  que  I'cxtenslon  longitudinals  des  d^collementa  et 
dea  zones  Uc  variation  de  preaslon  cat  plus  que  doubles . 

1.3.  Calculs  d'ccoulement  dans  lea  cavltfea  entre  Olsques  tlxe  et  mobile 


3.3.1.  Cavitea  fcrm6c8 


Cc  probl^me  a  $t6  ^tudle,  entre  autrea,  pnr  F.  SOlULTZ-GRUNOW  (3),  puls  plus  r6ceminent  par 
S.l.  SOO  (^J,  K.  KKKITH  15]  et  p.r  J.W.  UAXLY  et  R.E.  NECE  [6]  au  MIT. 

La  figure  15  montre,  dans  un  plan  rnSridlen,  I'^coulcment  secondai oe  calcul§  dans  une  cavlt6 
Identlq'.ic  A  cello  de  |6)  ,  pour  un  noabre  de  Reynolds  de  rotation  .  4. 4. *10^,  pour  une 

cpclssour  r^dultc  I/O.  «  0.115  et  pour  un  nombi'c  dc  Mach  Hn/d*  trds  falblc  (0.02).  Sur  la  figure  16, 
qui  preaentQ  quelques  profile  de  vlteaae  radialc  U  ,  on  peut  voir  le  noy.nu  central,  la  couche  llnlto  de 
:entrlfugatlon  Ic  long  du  rotor,  et  la  "couche  llaite"  induite  por  continuity  aur  le  stntor.  Lea  calculs 
ont  (uontre  quo,  confortaement  aux  analyses  de  SOO  f4)  ct  du  MIT  |6),  un  tcgiiLa  sans  noyau  central  peut 
txlster  si  on  rfdult  I'^palsscur  (-l/a  »  0.0255)  3  ^«a  constant  (  par  excinple).  T.'effet  dc 

l‘6pal5scur  h  sur  le  gradient  de  preaslon  calculi  (figure  18)  ct  sur  le  coefficient  dc  couple  Ck 
(figure  l7)  est  volsln  de  celui  obtenu  exp^rimentalracnt  (6).  11  e*.i  est  de  mine  pour  Ic''  pinflls  axiaux 
dc  vltcsscs  tangcnticllos  V  ct  radiales  U  ,  conae  on  peut  le  voir  sur  les  figures  19  (  .4/a  ■  0.0637)  et 
20  (4/0  -  0.0255). 

La  sureatlnntlon  observ^e  des  cpnlraeurs  de  couche  Unite  pent  Stre  ridultc  si  on  choialt  un 
nlvenu  dc  iongticur  de  melange  Inforleur  h  la  valeur  classlque  (soit  P/4"  Min  (0.09,  04^/4,  0.4  (l-^s)). 
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Fig.  18  -  Bffet  de  i'dpaissaur  de  la  caviti  sur  la  diffdrence 
da  pfesslori  Pq  -  fm  carter  et  moyeu.  Comparaison  (?) 

cbIcuI  ■  mesures  MIT. 
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Fig.  19a  —  Ca\fit^  ferm^e  Ren  -  4,4  x  10^  ;  s/a  —  0,0637 
Compafsison  cafiulmesures.  Vitesse  aiimutale. 


Fig.  19b  —  Cavite  fennSe  Hen  =  4,4  x  10^  ;  s/a  0,0637 
Comparaison  cafcui-mesures.  Vitesse  radiafo. 


Fig.  20  —  Cavit4  fermSe  REn  "  ^  “  0,0255 

a  •  W(e«a  a//>rjy  w/tf  •  Ca/ct//  nmwes  /  •  Wf<»»a  redfaie  • 
Cafcuf  et  mestires. 


3*3.Z.  Cavlteo  Lntgrdlaqu^e  avcc  d^blt  centrifuge 

L'cffet  d'un  ocouleiBcnt  force  de  d^blt  Inject!  axioleaent  au  volsinsge  de  I'nxc  ct  6vacu! 
par  un  jeu  axial  d'Spaisscur  d  la  perlph$rle»  a  anolya!  theorlquement  ct  expArlaentalcoent  par 
F.  KRElfH  (7),  V.M.  KAPINOS  IB|,  et  pat  JM.  OWEN  ct  aes  colUgues  (9J,  (lOI  et  (U). 

De  noabreuaci  ainulotionB  num!rlquee  ont  effcctu!ea  pour  dlff!rentea  cpalBaeura  dc  In  cavlt6 
(G  <lu  jeu  pour  dlffArentea  vltenacs  dc  rotation  >  et  divers  debits 
(Cw  ba  figure  21  er  oontre  un  excople<  11  apporalt  que  pour  les  dBbltn  !lev!B^  la  rotation  du 
rotor  a  peu  d'effet.  Ce  n'est  pas  le  cae  pour  dee  d^btte  plus  falbles^  au  volainage  de  I'ccoulemcnt  de 
centrifugation  naturcl.lc  (  ^«  *■  K  )*  be  Jeu  Ae  a  AvldenEent  une  Influence  pr!pond!rante  sur  Icb  nlveaux 
de  prosslon  dans  In  cnvlt!»  ce  qui  requlert  un  rbaeau  de  calcul  serr!  A  la  plrtph6rie,  et  un  aoin  parti- 
culler  pour  IcB  condltlona  de  Bortie.  Lj  gAoa^trle  de  l*lnjection  e  ausal  un  rble  important  :  au  voIbI- 
page  de  I'axei  lea  vlfCBses  dAbltantes  sont  !levees,  et  I'^craaeRCnt  du  Jot  Incident  sur  le  dlsque 
condltlonne  I'extenslon  du  d6colLenent<  te  paratnetre  («  n'a  nu  contralrc  qu'vin  effet  secondaire  (entte 
cinq  et  vlngt  pour  cent). 

La  figure  22  oontre  I'effel:  du  dAblt  Cy  our  Ics  profllB  radlaux  dc  pres8?.on  le  long  du  BtAtor» 
pour  “  8  X  10^ »  Cl  «  O.IO  ct  Gc "  O.Ol,  et  la  conparoisoti  svec  les  meBurus  do  Owen  et  Fhadkc.  On 
remorqtie  qu'aux  petite  debits,  In  concordance  cat  bonne,  oaia  que  pour  dcs  dfiblte  pl.iB  t>lev68,  la 
confrontation  cat  nuino  Bntlofalaantc .  La  ndme  tcndoncc  est  indiquec  sur  la  figure  23  poui  %ji  “  0, 
G  "•  0.10  et  6e  °  0.04  :  les  calcule  eeablent  sureBtimer  I'amplcur  du  dCcollemcnt ,  ut  la  taodlf Icatlon  de 
In  longueur  dd  melange  no  pernet  pos,  dans  ce  cau,  d'aitelloter  ocnoiblcmcnt  les  rOaultate.  Une 
cartographic  dee  vitesses  nesuroea  dans  la  cnvlte  aoralt  Bouhaitablc  pour  pouruulvrc  ct  orlentcr  la 
dlecuselcn . 
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4.  CONCLUSION 

Un  code  (Ic  c.ilcul  d'ecoulement  trldlmenslonncl  a)(lsyB6trique  a  6tc  devcloppj;  pour  ctudier  les 
ccoulcmcncs  dano  Ics  cavit^s  annulalres  Intcrdiaqueft  des  turbomachlncs •  Sa  soupi.essc  d'utlllsatlon  a 
perc&Ls  d'cvalucr  les  proprlel§8  dc  la  simulation  nua^rique  duns  des  conf Igurslions  geon^triques  sLoplea, 
dc  forraefl  trSs  dlvcrses.  Lcs  confrontations  av«c  les  donn6e8  exp6rlocntnle6  Issues  de  diffirentes  publi-* 
catluns  ont  pctmls  d'appr^cler  lec  qnalltes  et  les  llmltes  de  la  taod^Llaation  utilisee.  Unc  analyse  plus 
appronfondlc  pourra  Gtrc  rcallsee  grScc  aux  mcsures  tiroes  d'un  banc  d'essai  cn  cours  de  realisation.  En 
attendant^  dc  nouvcllcs  confrontations  avee  les  nesurcs  cffectnles  i  I'UnlvcrsltS  de  Sussex  alnsi  qu'au 
MIT  sont  prcviics. 
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DISCUSSION 


.I.M.Owen,  UK 

'I1ic  iuitlior  is  to  lx;  oongratuliitcd  on  presenting  a  useful  paper  on  the  prediction  of  flow  in  rotor-stator  systems.  Have 
you  experienced  difficiilty  in  obtaining  convergence  of  your  solutions  at  large  rotational  Kcynolds  niimtxrs,  and  what  is 
the  inaxiiinini  value  of  Re,,  for  which  reliable  re.sulls  have  been  obtained?  Also,  in  the  experimental  rig  that  you  arc 
building,  what  is  the  niaxiniutn  Reynolds  nuntber  that  you  will  be  able  to  achieve? 

Kcpoiisc  d’Autcur 

Les  p:  incipaiix  problcnics  poses  par  les  calciils  a  plus  grand  nonibre  dc  Reynolds  et  par  Ics  calculs  dans  des  cavitcs 
cpaisscs  soul  du  nicinc  type:  il  s’agil  moins,  pour  cettc  methodc  numerique  iinplicitc,  d'un  probletne  de  stabililc  que 
d'un  probleine  dc  precision:  le  rc.scau  dc  calcul  doit  ctre  tres  fortcnient  resserre,  pres  dcs  disques  d'autaiU  plus  que  Re 
ct  G  soul  grands,  si  on  veui  calculcr  corrccicinent  Ics  ccliangcs  fluidc-paroi.  C'cst  done  unc  question  dc  capacitc,  dc 
siockage  ct  dc  coiit  dc  calcul. 

Unc  solution  pourrait  etre  d'anicliorer  les  “iiiodHes  dc  paroi"  reliant  Ics  flux  parictaux  aux  quantites  locales  calculecs 
cn  y  incorporant  I'cffct  dcs  forces  d'incrtic. 

Stir  Ic  nionlagc  experimental  prevu,  Ic  disque  rotor,  dc  6(1  cm  dc  diainctre,  doit  cn  principc  tourncr  dc  3000  a  1 2000 
tours  par  minute,  a  prc.sssion  iitinuspheriqiic. 


J.Fahri,  Kr 

I  would  like  to  ask  Dr  Owen  if  in  his  com|)utations  he  also  finds  recirculation  zones  similar  to  those  shown  by  the 
author. 

Dr  Owen's  Reply 

'Ihc  two  flows  —  the  flow  between  a  rotor  and  a  stator,  that  you  arc  considcrii'.g,  and  the  flow  inside  a  rotating  cavity  — 
have  certain  similarities  hut  (hey  have  a  large  number  of  diffcrcncccs.  And  in  the  .source  region  of  the  flow  in  the 
rotating  cavity  inertial  effects  arc  significant  and  the  flow  is  broadly  similar  to  that  which  occurs  in  a  rotor-stator  system. 
Uut  in  the  Bkmaii  layer  region  where  (he  rotational  speed  of  the  fluid  is  large  (or  of  the  same  order)  compared  with  the 
sjieod  of  the  disc  itself  Coriolis  effects  make  for  the  flow  structure  that  you  get  there.  So  that  |>cculiar  characteristic  of 
the  rotating  cavity  witii  (he  non-cm raining  Ekman  layer  docs  not  appear  in  a  rotor-stator  system.  The  flow  is  a  different 
one  ill  dial  respect. 


BJuhnsoii 

1 .  Docs  your  prtK-cdiirc  account  for  the  buoyancy  terms  in  conservation  c<|uations? 

2.  Have  yoa  calculated  (he  flow  and  licat  transfer  from  confined  disks  with  both  disks  rotating  ami  the  flow  driven  by 
free  convection? 

Ki'ponsc  d’Autcur 

1 .  Les  forces  d  'Arcliimcdc  dues  aux  differences  dc  temperature  sont  iiicluses  dans  les  ctjuatioiis  dc  conservation 
(dies  qn'dics  sont  inodelisces.  Mats  il  n'y  a  pas  pour  I'instant  dc  correction  au  niveau  du  modelc  de  turbulence. 

2.  Non,  pas  en  detail. 


D.K.Heniircko,  Ge 

Did  I  uiidcrstand  you  coriectly  that  you  are  using  Reynolds'  analogy  to  compute  the  heat  transfer  coefficient?  Since  you 
solve  (be  energy  ce|ualinii  there  would  be  no  need  for  it.  Besides  it  is  likely  not  to  he  valid  for  the  present  case. 

Kepniisc  d' Auteurs 

Je  voitlais  dire  que  j'ntilise  I’iiiialugic  de  Reynolds  au  nivcilti  local, c'cst  a  dire  que  je  dcTinis,  |x>ur  exprimer  la 
correhition  vilesse/lem|>erature  iiT en  fonction  dc  gradient  inoyeii  VT,  tin  eoefficienl  dc  ililTusioii  Ihermiquc  turbulent 
proportioimel  a  la  viscosilc  (iirbiilente.  II  cn  cst  dc  mcme  pour  les  foiictions  de  paroi,  qiii  rclieni  les  frolteinents  et  flux 
lhcrMii(|ues  aux  coiidilioiis  iiioyciiiies  locales. 


TRANSIENT  THERMAL  BEHAVIOUR  OF  A  COMPRESSOR  ROTOR  WITH  VENTILATION 
TEST  r.iiSULrC  UNDER  SIMULATED  ENGINE  CONDITIONS 
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SUMMARY 

The  development  on  advanced  compressors  for  modern  aero-engines  requires  detailed 
knowledge  of  the  transient  thermal  behaviour  of  the  rotor  disks  to  enable  accurate  pre¬ 
diction  of  rotor  life  and,  additionally,  of  the  thermal  growth  of  the  rotor  for  the 
evaluation  of  tip  clearances.  In  his  quest  for  longer  life  and  higher  reliability 
of  the  parts  as  well  as  reduced  clearances  even  at  transient  conditions,  the  designer 
has  to  be  able  to  influence  the  thermal  behaviour  of  the  rotor.  A  very  effective  way 
is  to  vent  small  amounts  of  air  through  the  rotor  cavities. 

This  paper  presents  the  design  of  such  a  vented  rotor.  The  main  emphasis  is  placed 
on  a  detailed  deseviption  of  a  test  rig  specially  built  for  this  purpose.  The  testing 
was  carried  out  under  simulated  engine  conditions  for  a  wide  range  of  parameters.  The 
results  are  compared  with  those  obtained  with  a  theoretical  model  derived  from  funda¬ 
mental  tests  at  the  University  of  Sussex,  where  heat  transfer  in  rotating  cavities 
is  investigated.  Good  agreement  is  observed. 

Some  final  tests  were  done  in  an  engine.  The  results  also  exhibit  good  agreement 
with  the  rig  results  under  simulated  conditions,  when  the  proper  dimensionless  para¬ 
meters  are  considered,  proving  the  validity  of  the  simulation. 

LIST  Of  SYMBOLS 

Cl..,C5  Simulated  idle  condition 

Simulated  full-load  condition 
m  .  Ventilation  mass  flow  [tl 

p'-'ent  Pressure  [barj 

r  Radial  coordinates  fmj 

t  Time  fs] 

T  .  Ventilation  air  temperature  f  k) 

T2T.TT5  Temperature  at  disk  2-5 

V  Time  constant  for  temperature  relaxation 

t  r  Time  constant  for  temperature  relaxation  at  hub  of  disk  5 

for  simulated  acceleration  C5  -  H5 
Meat-transfer  coefficient 

Indices 

bolt  in  bolt  area  of  the  disk 

hub  at  the  hub  of  the  disk 

in  at  the  rotor  entry 

out  at  the  rotor  exit 

rim  at  the  rim  of  the  disk 

vent  for  the  ventilation  air 


1.  INTRODUCTION 

One  of  the  most  important  factors  limiting  the  life  of  compressor  and  turbine  disks 
in  modern  aero-engines  is  the  rapid  sequence  of  stress  cycles  occurring  in  service. 
During  rapid  accelerations  and  decelerations,  the  temperature  at  the  rim  of  the  disk 
responds  appreciably  more  quickly  to  the  temperature  of  the  main  flow  than  does  the 
temperature  at  the  hub.  The  consequent  radial  temperature  gradients  result  in  high 
stresses  and  reduced  disk  life.  Another  aspect  that  roust  be  considered  is  the  thermal 
response  of  the  rotor.  Because  thermal  growth  of  the  casing  structure  normally  occurs 
more  quickly  than  that  of  the  rotor,  during  an  acceleration  phase  the  radial  clearance 
at  the  blade  tips  will  be  tlje  greater,  the  slower  is  the  thermal  growth  of  the  rotor 
disks.  This  has  disadvantageous  effects  on  the  surge  limit  and  pov/er  output. 

The  thermal-response  characteristics  of  the  disk  hubs  can  be  speeded  up  by  purpose¬ 
ful  ventilation  of  the  hub  area.  Because  a  loss  in  performance  always  occurs  if  air  is 
bled  from  ti)e  main  flow,  the  amount  of  air  used  for  ventilation  must  be  kept  small  and 
it  must  be  conducted  in  .such  manner  an  to  permit  it  to  be  used  further  in  the  secondary 
air  system. 

Belov/  is  a  description  of  rotor  ventilat.ion  using  a  multistage  compressor  of  a 
modern  jet  engine  as  an  example.  The  effects  of  ventilation  on  the  thermal  behaviour 
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are  investigated  on  the  component  test  rig.  The  test  results  are  then  compared  with 
the  findings  of  the  computet  model  used  for  calculating  the  thermal  behaviour  of  the 
rotor  under  realistic  operating  conditions, 

2.  RTG  TESTS 

The  rotor  used  on  the  component  test  rig  is  represented  in  Fig.  1.  It  is  made  up 
of  the  last  three  stages  of  an  IIP  compressor  rotcr  (disks  2-4)  plus  two  seal  disks 
(1,5).  The  disks  and  spacers  are  bolted  together  in  such  manner  that  the  spaces  between 
the  disks  form  outer  and  inner  cavities.  The  rotor  is  machined  to  a  uniform  diameter. 

The  rims  of  disks  2-4  can  be  heated  to  desired  temperatures  by  impingement  heat  trans¬ 
fer.  The  ventilation  air  m  supplied  through  10  vents  arranged  in  the  vicinity 

of  the  bolt,  is  distribute3®Srirough  the  three  inner  rotor  cavities  and  is  discharged 
through  holes  in  the  right-hand  flange.  For  tests  without  ventilation  the  inlet  and 
outlet  openings  are  closed  off,  leaving  just  a  single  inlet  open,  to  enable  the  pressure 
in  the  rotor  assembly  to  be  set. 

The.  rotor  assembly  Is  provided  with  38  temperature-measuring  points.  All  important 
measuring-points  are  shown  in  Fig.  I-.  The  measurements  are  transmitted  from  the  rotat¬ 
ing  system  via  slip-rings. 

The  purpose  of  the  tests  was  to  measure  the  temperatures  under  simulated  full-load 
and  idle  points  as  well  as  the  transient  temperature  behaviour  for  a  simulated  accel¬ 
eration  and  deceleration.  The  test  conditions  selected  were  such  that  the  Reynolds 
number,  Rossby  number,  Grashof  number  and  Nussclt  number,  which  are  the  determinative 
paralneters  for  the  Clow  and  heat  transfer,  agreed  with  the  values  occurring  in  the 
engine  at  full  load  and  idle.  For  the  simulated  full-load  and  idle  conditions,  a  maxi¬ 
mum  temperature  of  500  K  and  350  K  respectively  was  chosen.  The  accompanying  pressure 
and  speed  values  were  then  derived  according  to  the  similarity  principle.  Tests  were 
conducted  using  three  ventilation  mass  Clows  as  well  as  one  test  without  ventilation 
at  two  pressure  levels.  The  steady-state  conditions  for  the  simulated  full  load  (HI  - 
H5)  and  simulated  idle  (Cl  -  C5)  are  listed  in  Tab.  1. 

The  arrangement  of  the  rotor  in  the  rig  is  shown  in  Fig.  2.  The  air  for  heating 
and  cooling  the  rim  of  disks  2-4  and  rotor  ventilation  is  taken  from  two  main  lines 
carrying  high-  and  low-temperature  air.  Mixing  valves  with  programmed  settings  are 
provided  for  adjusting  the  desired  air  temperature  for  lines  2-5  for  each  test-point. 
In  the  transient-state  tests  all  valves  were  thus  switched  simultaneously  from  cold 
to  hot  condition  or  vice-versa.  The  time-response  characteristics  of  the  main  operating 
parameters  according  to  Tab.  I  (speed,  ventilation  mass  flow,  pressure  and  temperature) 
are  represented  in  Fig.  3  by  way  of  example  of  a  load  cycle  Cl  -  HI  (simulated  accel¬ 
eration  )  , 

The  speed  N  attains  its  final  Value  approx.  10  s  after  the  start  of  acceleration 
after  slight  overshooting.  The  ventilation  air  requires  roughly  the  same  time 

as  the  speed  to  reach  its  full  value.  Following  ail"initial  rapid  increase,  the  pressure 
talie.s  about  20  s  to  reach  a  virtually  stable  value.  Because  of  the  relatively  massive 
rig  casing,  the  temperature  of  the  rotor-ventilation  air  T  increases  appreciably 

more  slowly.  In  the  simulated  acceleration  Cl  -  111  the  time'^eSnstant  of  the  tempera¬ 
ture  increase  T  is  about  24  s.  Similar  time- response  characteristics  are  shown  by 

the  material  temperatures  at  the  rims  T2  T3  ■  and  T4  .  of  disks  2-4. 

rim  riro  rim 

3.  ANAI.ySIS  OF  RIG-TEST  RESULTS 

As  part  of  the  .analysis  of  the  test  results,  temperature  calculations  were  made 
using  a  two-dimensional  finite  element  method.  The  isoparametric  finite  element  net¬ 
work  is  illustrated  in  Fig.  4.  The  computer  program  solves  the  transient  heat  con¬ 
duction  equation  using  temperature-related  material  data,  and  simultaneously  calculates 
the  local  fluid  temperature  by  means  of  the  thermal  balance  between  the  component  and 
surrounding  flow.  The  computation  method,  which  is  described  in  greater  detail  in  Ref. 

1,  generates  axisymmetric  temperature  distributions.  Components  that  are  not  axisymme- 
tric  are  smeared  in  the  circumferential  direction  in  substitute  system  and  are  treated 
in  such  manner  that  the  heat  flux  and  thermal  capacity  are  reproduced  faithfully. 

In  the  present  case  of  a  compressor  rotor,  the  component  temperatures  are  very 
largely  determined  by  the  following  parameters,  controlled  from  the  outside. 

Temperatura  at  the  rim  of  disks  2,  3  and  4 

Mass  flow  through  the  rotor 
-  Temperatvire  of  the  air  at  the  entry  to  the  rotor 

Pressure  in  the  rotor 

The  computer  model  is  thus  desig  '  so  that  the  component  temperatures  are  calcu¬ 
lated  with  the  air  temperatures  with  .  the  rotor  in  relation  to  the  input  variables 
for  these  parameters. 

For  the  vented  rotor,  the  computer  model  is  based  on  the  air  system  according  to 
Fig.  1.  The  air  entering  the  rotor  is  distributed  to  the  th.ree  inner  rotating  cavities. 
It  flows  in  Ekman  layers  across  the  disk  surface  radially  inwards,  collecting  again  in 
the  hub  area,  and  exits  via  holes  in  the  right-hand  flange.  In  contrast,  the  air  enter¬ 
ing  the  outer  cavities  of  the  rotor  forms  a  recirculating  flow,  driven  by  buoyancy 
resulting  from  the  diffe.rence  in  temperature  between  the  disks. 
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Because  flow-fLGlds  are  not  calculated  in  the  computer  model,  the  recirculation 
is  acquired  from  the  thermal  balance  between  the  wall.s  and  a  purely  mathematical  mass 
flow.  Although  these  flow  rates  are  much  smaller  than  the  rotor  ventilation  flow,  they 
still  affect  the  heat  transfer  between  the  rim  and  bolt  area  to  a  considerable  extent. 

Tor  the  tests  without  ventilation,  a  somewhat  altered  model  is  used;  whereas  the 
outer  cavities  are  treated  in  the  same  way  as  the  ventilated  version,  a  recirculating 
flow  that  is  unaffected  by  the  neighbouring  cavities  is  assumed  for  the  inner  cavities. 

Por  the  computer  model,  heat  transfer  coefficients  for  a  system  with  rotating  disk 
and  stationary  wall  was  assumed  for  the  front  of  disk  1  and  rear  of  disk  5,  At  the 
surfaces  of  the  inner  and  outer  cavities,  relations  for  corotatitig  disks  with  and  with¬ 
out  radial  flow  were  used.  These  calculations  were  based  on  flow  and  heat-transfer  in¬ 
vestigations  by  Owen  et  al .  (Hef.  2,  31  using  Idealised  geometries,  where  the  flow 
pattern  and  heat  transfer  for  a  large  range  of  rotary  Reynolds,  Grashof  and  flow  numbers 
were  acquired. 

Other  boundary  conditions  were  to  be  defined  for  the  flow  in  the  bolt  area  and  at 
the  disk  hubs  (ducted  flow),  as  well  as  at  the  seal  between  disks  1  and  5  and  the 
casing.  At  the  rims  of  disks  2,  3  and  4  the  temperatures  measured  on  the  rig  were 
applied.  Similarly,  measured  values  were  used  for  the  boundary  temperature  at  the  ex¬ 
posed  sides  of  disks  1  and  5.  All  boundary  temperatures  within  the  rotor  system  were 
determined  simultaneously  with  the  component  temperatures. 

The  result  of  the  steady-state  calculation  for  case  Hi  with  maximum  ventilation 
trass  flow  and  for  the  unvented  case  H5  is  represented  in  Pig.  5  in  the  form  of  iso¬ 
therm  plots.  It  can  be  clearly  seen  that  the  temperatures  at  the  disk  rim  remain  un¬ 
changed,  whereas  ventilation  produces  nearly  the  same  temperatures  at  the  hub  of  disks 
3-5.  The  influence  of  the  rotor  flow  on  the  calculated  steady-state  hub  temperatures 
is  illustrated  in  Fig.  6.  It  becomes  apparent  that  even  relatively  small  ventilation 
flow  rates  suffice  to  bring  about  a  clear  increase  in  the  temperatures  at  the  rear 
disks  and  that  a  further  increase  in  the  rotor  flow  has  hardly  any  more  influence  on 
the  steady-state  temperature. 

Taking  disk  3  as  an  example,  Fig«  7  shows  a  comparison  of  the  measured  component 
temperatures  and  the  calculated  values  for  simulated  full-load  condition;  showing  the 
calculated  temperature  distribution  at  the  disk  midplane  for  three  rotor  flows,  in 
addition  to  the  measured  values.  For  the  unventilated  case  H5  there  is  good  corres¬ 
pondence  between  measurement  and  calculation;  only  three  out  of  seven  test-points  ex¬ 
hibit  somewhat  lower  temperatures  than  calculated.  For  the  ventilated  cases  there  is 
very  good  correspondence  between  the  measurements  and  calculations  for  the  outer  area; 
but  greater  discrepancies  occur  in  some  cases  for  the  inner  area. 

.10  steady-state  calculations  are  not  adequate  for  checking  the  computer  model,  be¬ 
cause  the  radial  temperature  gradient.^  are  too  small  and  the  heat  transfer  coefficients 
are  lesser  significance  than  in  the  transient  case.  The  transient  calculations  were 
made  on  the  basis  of  the  measured  behaviour  of  all  the  parameters  used  in  the  calcu¬ 
lation  (sec  Tab,  1),  The  good  correspondence  between  measurement  and  calculation  of 
the  air  temperature  at  the  rotor  exit  during  an  acceleration,  as  shown  in  Fig.  8,  proves 
that  the  heat  balance  between  the  air  and  rotor  is  treated  correctly  in  the  calculation, 
tn  the  ventilated  cases,  during  most  of  the  acceleration,  maximum  temperature  deviations 
of  approx.  5  K  occur.  In  the  unventilated  case,  the  calculated  behaviour  depends  on  the 
inadequately  known  mass  flow  of  recirculating  air.  Hence,  it  is  not  surprising  that 
there  is  a  greater  discrepancy  between  measurement  and  calculation  here.  The  time-res¬ 
ponse  characteristics  of  the  component  temperatures,  plotted  in  Fig.  9  for  all  test- 
points  as  an  example,  exhibit  very  good  agreement  between  measurement  and  calculation. 
That  this  correspondence  was  attained  for  all  tests  (acceleration,  deceleration  with 
different  degrees  of  ventilation)  confirm  the  assumptions  made  in  the  computer  model. 
Turtliermore,  the  heat  transfer  correlations  for  corotating  disks,  worked  out  using 
greatly  simplified  models,  can  also  be  used  with  success  with  more  complex  systems. 

4,  THERMAL  BEHAVIOUR  OF  \  ED  ROTOR 

The  calculated  time-response  characteristics  of  the  temperature  difference  in  disk 
4  between  the  rim  and  middle  of  the  outer  cavity,  as  per  Fig.  10,  upper,  makes  it  clear 
that  ventilation  of  the  rotor  has  little  effect  on  the  temperature  gradients  in  the 
outer  part  of  the  disk.  Irrespective  of  the  ventilation,  the  maximum  value  sets  in 
shortly  after  commencement  of  the  acceleration  and  varies  by  only  approx.  15  K.  In 
contrast,  the  desired  effect  of  rotor  ventilation  is  shown  in  the  temperature^  difference 
between  the  bolt  area  and  hub  of  disk  4,  plotted  in  Fig.  10,  lower.  At  maximum  venti¬ 
lation  it  is  reduced  by  more  than  half  and,  furthermore,  applies  for  a  much  briefer 
period.  The  behaviour  is  similar  with  the  other  disks.  The  reason  for  this  lies  in  the 
behaviour  of  the  disk  hubs,  which  speeds  up  with  increasing  ventilation  mass  flow,  and 
which  can  thus  be  used  for  measuring  the  effectiveness  of  the  rotor  ventilation.  The 
time  constant  for  the  temperature  relaxation  at  the  hub  of  disk  3  is  plotted  in  Fig. 

11  over  the  rotor  flow  as  per  final  condition  for  all  the  acceleration  and  deceleration 
events  investigated  on  the  rig.  There  is  very  good  agreement  between  the  measurements 
and  calculations  throughout  the  flow  range.  The  value.s  of  the  time  constants  are  slight¬ 
ly  less  during  an  acceleration  than  a  deceleration  with  the  same  flow  rate,  because  the 
iieat  transfer  coefficients  are  smaller  at  the  lower  load-point  than  at  the  end  of  the 
acceleration.  It  also  becomes  apparent  that  small  ventilation  flow  rates  are  sufficient 
For  bringing  about  an  appreciable  improvement  in  the  time-response  characteristics. 
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Consequentlyi  it  is  possible  that  it  suffices  to  divert  air  from  the  secondary  system 
through  the  rotor  without  having  to  bleed  additional  air  from  the  main  stream,  there¬ 
by  avoiding  detrimental  effects  on  the  engine  performance. 

Further  to  the  rig  tests  described  above,  tests  have  now  beei  carried  out  in  the 
engine,  in  which  the  air  and  component  temperatures  in  the  rotor  w^re  likewise  measured 
and  the  signals  transmitted  via  telemetry  for  remote  evaluation.  The  results  of  the 
engine  measurements  are  shown  in  Tig.  12  and  13,  taking  disk  4  as  an  example.  Because 
the  boundary  conditions  in  the  rig  tests  were  such  that  the  main  dimensionless  flow 
and  heat  transfer  parameters  were  the  same  as  in  the  engine,  dimensionless  comparison 
of  the  radial  temperature  profile  in  the  disk  can  be  made.  Fig.  12  shows  the  steady- 
state  radial  temperature  distribution  for  the  full-load  point.  The  figure  shows  the 
difference  between  the  local  material  temperature  and  the  point  of  lowest  temperature 
at  the  disk  rim,  related  to  the  maximum  possible  difference  between  the  temperature 
of  the  air  at  the  rotor  entry  and  the  temperature  at  the  disk  rim.  There  is  good  corre¬ 
spondence  over  most  of  the  disk.  The  temperature  profile  with  maximum  temperature 
difference  between  the  disk  rim  and  hub,  occurring  during  an  acceleration,  as  per  Fig. 

13,  similarly  exhibits  very  good  correspondence  between  the  rig  test  and  engine  measure¬ 
ment.  The  values  are  plotted  in  dimensionless  form  in  relation  to  the  ventilation  tempe¬ 
rature  at  .die,  divided  by  the  temperature  rise  of  the  ventilation  air  from  idle  to  full¬ 
load.  The  transient  measurements  on  the  rig  and  in  the  engine  can  be  compared  directly, 
since  the  increase  in  speed  and  in  the  ventilation  temperature  exhibit  the  same  time- 
response  characteristics. 

If  the  time  constants  of  the  rig  and  engine  measurements  are  plotted  against  the 
heat  transfer  coefficients  applied  in  the  inner  rotating  cavities,  as  in  Fig.  14,  all 
results  will  be  brought  to  lie  along  a  coramcr.  curve. 

As  the  corresponding  results  of  the  engine  test  and  rig  test  Cl  -  HI  as  per  Fig. 

14  show,  the  temperatures  at  the  disk  hubs  react  more  quickly  in  the  engine  than  on 
the  rig.  The  reason  is  that  for  the  same  Nussolt  numbers  the  heat  transfer  coefficients 
are  clearly  higher  in  the  engine,  because  of  the  higher  temperature  level. 

Even  with  relatively  small  amounts  of  air,  purposeful  ventilation  of  the  rotor 
cavities  can  contribute  towards  a  considerable  speeding-up  of  the  thermal-response 
characteristics.  As  shown  by  the  s’  vess  and  life  calculations,  it  is  thus  possible  to 
attain  an  improvement  in  the  life  of  more  than  50  %  for  a  typical  mission.  An  improve¬ 
ment  of  this  order  sigi\ifios  a  considerable  gain  in  maintenance  costs  and,  thus,  re¬ 
duced  life-cycle  costs.  Yet  ariothor  advantage  of  the  more  rapid  thermal  beha'^iour  of 
the  rotor  lies  in  the  fact  that  the  thermal  growth  of  the  rotor  is  more  in  harmony 
with  the  transient  thermal  growth  characteristics  of  the  casing.  This  means  that 
smaller  clearances  between  the  blade  tips  and  casing  can  be  achieved,  resulting  in 
improved  compressor  efficiency  and  greater  surge  margin. 

5.  CONCLUDING  REMARKS 

The  investigations  under  discussion  demonstrate  that  clear  advantages  are  to  be 
had  from  the  purposeful  ventilation  of  the  compressor  rotor.  The  computer  model,  which 
to  a  great  extent  works  with  heat  transfer  coefficients  for  corotating  disks,  obtained 
with  models  of  simple  geometry,  gives  a  good  reproduction  of  the  steady-state  and 
transient  measurements. 

In  other  words,  with  the  HP  compressor  under  review  or  similar  configurations,  the 
computer  model  is  capable  of  faithfully  describing  the  temperature  development  for  a 
simple  load  cycle,  and  thus  also  for  a  complete  mission. 
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STEADY-STATE  CONDI riONS  FOU  SIMULATED  FULL-LOAD  AND  IDLE  TESTS 
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Fig.  1;  Rotor  Of  the  Oisk‘-venti lation 
rig;  Air  System  and  location 
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Fig.  6;  Calculated  temperatures  at 

disk  hub  against  ventilation 
flow  for  simulated  Cuil-ioaci 


Fig.  5:  Calculated  temperature  distribution 
for  simulated  full-load? 
top:  unventilated,  ”  0  %(H5) 

bottom:  ventilated  (HI) 


Fig.  7:  Radial  temperature  distribution 

in  disk  3  for  simulated  full-load. 
Comparison  between  measurement 
and  calculation 
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Fig,  8:  Air  tt.’perature  of  ventilation 
flov;  at  the  rotor  exit  during 
a  simulated  acceleration. 
Comparison  between  measurement 
and  calculation 
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Pig.  9: 

Comparison  of  measured  and  calcu¬ 
lated  component  temperatures  in  a 
simulated  acceleration. 

Top:  temperature  T,,  ,  ^  in  bolt 
area  of  disk  1;  ’oo, w 
Bottom:  temperature  T,.  ^  at  hub 
of  disk  3 
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Temperature  diCfercnee  in  disk  4 
duvinq  a  simulated  acceleration. 
Top:  temperature  difference  bet- 
v/een  the  rim  and  middle  of  the 
outer  cavity?  Bottom:  temperature 
difference  between  the  bolt  and 
hub 
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Fiq.  11: 

Time  constant  for  temperature 
relaxation  at  the  hub  of  disk  3 
in  relation  to  the  ventilation 
mass  flow,  referred  to  the  time 
constant  in  the  unventilated 
case  C5-HS 
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Radial  temperature  distribution 
In  disk  4  for  steady-state 
full-load.  Comparison  between 
rig  test  and  engine  measurement 


Radial  temperature  distribution 
at  instant  t  -  fyept 
acceleration . 

Comparison  between  rig  test 
and  engine  measurement 
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Fig.  14: 

Time  constant  for  temperature 
relaxation  at  the  hub  of  disk  3 
in  relation  to  the  effective 
heat-transfer  coefficients. 
Comparison  between  calculated 
rig  tests  and  engine  iTieasure- 


DISCISSION 


.I.M.Owvii,  UK 

I'hc  aulliois  arc  In  lie  coiigialiilalvrl  Ini  nliiaiiiiuggonri  aj-ivcincnl  ticlvvccii  llicii  pri.\liclcil  iii\i.l  nicasiircil  IciiijicraUiic'i 
ill  Imlli  the  cnin|)i  css(ii  rig  atui  llic  engine  ilsell.  This  work  is  enmploinentary  lo  llial  presenleci  in  paper  No,  2 1  liy 
Dr  1  .niig  aiul  inysell,  in  wliieli  ilie  lemperaune  rlistl'iliiitioiis  <*n  the  discs  in  a  geonielrieally  simple  rolaling  cavity  were 
pretlieleil  Ironi  simple  eoi  relalions,  and  il  snggesls  dial  Ihe  rcsiills  derived  !or  simple  geoinelries  i>'ay  lie  a|)|)lical)le  In 
engine  gcomeiries.  I  lowever  large  ei nils  in  die  coiiveclive  boundary  condilioiis  may  have  only  a  small  efreei  on  llie 
ealeulaieil  rlise  leiiiperainres.  Did  die  aiilliors  esaniine  die  cfleel  of  the  variaiion  of  die  enrrclaleil  Nnssell  mimbers  on 
die  ealenlatioii  of  die  leniperaliires'.’ 

Aridior's  Kopiy 

As  yon  said,  this  is  a  well  enildilie.ned  problem.  We  did  calculalioiis  with  differciil  heal  iraiisfer  coefricicnls  compared 
lo  Ihose  wliieli  von  used  for  your  corrclalions  (the  I'aclor  was  abuul  0.8  up  lo  1 .2).  I'his  variaiion  had  only  a  very  small 
effect. 


J.M.Hannis,  UK 

Vou  nienlioned  die  iiiiportanec  of  rc-nsing  die  compressor  veiitilaling  air  for  cooling  purposes  elsewhere  in  die  engine 
lo  avoirl  e.xeessivc  perforinaiiee  penalty.  Is  the  pressure  loss  in  Ihe  vendlatioii  air  circiiil  iniixiscd  by  die  radial  inflow 
belsveen  the  compressvir  rliscs  likely  lo  he  a  problem  in  achieving  ibis? 

Aiithnr's  Reply 

rhe  pressure  loss  will  be  no  prohleni  in  this  ciisc,  as  the  ratio  of  inner  lo  oulcr  diameter  of  lire  eiis  lly  is  abuni  O.b.  The 
invesligadons  ol  Owen  show  dial  high  pressure  losses  occur  at  high  radial  mass  How  rales,  when  ihc  source  region  for 
radial  inllosv  fills  the  eniire  cavity.  I  bis  nia.sinnmi  pressure  loss  is  Ihc  higher,  die  smaller  is  die  ralio  of  inner  to  oiiier 
radius  of  Ihe  eavily. 


C.Tj.Scrivcncr,  UK 

■V  ou  have  rlesei  ibed  die  performauee  aiul  life  iinprovemenls  with  this  disc  cooling  system.  There  is  an  ailditioiinl  factor 
which  may  cause  a  perloi  inance  loss  —  this  is  die  addilionid  power  consumed  on  die  disc  in  pumping  the  iiir  I  lave  yon 
any  esiiniales  for  diis  power  either  from  moasurenicnts  or  ealcnialions? 

Author's  Reply 

We  did  not  look  at  lliis  point  in  detail,  but  we  think,  that  the  elicci  will  not  he  signillcani. 

M.I.II.Saravanainuttnu,  C'ii 

The  prediction  of  tip  clearances  is  very  slifticuU,  especially  in  dynamic  situations;  ihese  may  he  slowly  varying  (o.g.  elinili 
in  a  civil  airerafl)  or  rapidly  varying  (e.g,  eoinbat  manoeuvring).  In  Ihe  case  of  a  compressor  die  leiiiperalure  effecis  may 
not  be  loo  criiieal.  bill  aeeurale  knowledge  of  die  disc  lomperatures  would  appear  essential  for  uirhine  clearance 
prcdielioiis. 

( 1 )  (’oald  die  aiidior  indicate  die  expeelcd  radial  elearance  al  fall  loail  both  for  Ihe  compressor  ami  die  turhiiic. 

(2)  Uoiild  Ihc  aiillior  indicate  the  expeelcd  thcrinai  and  centrifugal  gitmihs  of  the  disc-blade  eombiiuition  for  the 
etiinpressor  and  Ihe  lurhiiie. 

Author's  Kt'ply 

I'hc  diemial  and  eeni;  fugal  growths  of  (he  discs  depend  on  a  inimher  of  parameters,  f-'or  lower  disc  Icmperalures,  the 
iheriiial  grosvlli  may  be  of  the  oixler  of  .10'Ki  of  Hie  total  growth. 

Al  very  high  Iciiiperalnre  levels,  the  thi.onal  growth  can  reach  'H)"<.of  the  total  growili, 

The  eorresponding  tip  clearances  depe  .id  on  die  thermal  behaviour  of  both  the  rolor  and  the  easing  slrueture.  As  there 
are  differeiil  de.sigir  features  for  die  casing  (active  or  passive  clearance  cinrtrol)  the  lip  elearanees  depend  on  die 
individual  eoiiriguration. 
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SUMMARY 

Advances  in  compact  heat  exchanger  design  and  fabrication  together  with  fuel  cost  rises  continuously 
Improve  the  attractabllity  of  regenerative  gas  turbine  helicopter  engines.  In  this  study  cycle 
parameters  aiming  at  reduced  specific  fuel  consumption  and  increased  payload  or  mission  range,  have  been 
optltnlr.ed  together  with  heat  exchanger  type  and  size. 

The  discussion  was  based  on  a  typical  nlasion  for  an  attack  helicopter  In  the  900  kw  power  class.  A 
range  of  heat  exchange’-s  was  studied  to  define  the  tnost  favourable  geometry  in  terms  of  lower  fuel 
consumption  and  minlmura  engine  plus  fuel  weight.  Heat  exchanger  volume,  frontal  area  ratio  and  pressure 
drop  effect  on  cycle  efficiency  were  conoldered. 


NOMENCLATURE 


P 

AP 

R 

5KC 

ASKC 


V 

a 


"cy 

'V 


-  Pressure,  Pa 

*  gain  in  total  weight,  kg 

•  compressor  pressure  ratio 

-  specific  fuel  conauoptlon,  g/kwh 
••  gain  in  SPC,  g/kwh 

-  temperature,  K 

-  exchanger  matrix  volume, 

-  heat  transfer  surface  area  density, 

-  t»oat  exchanger  effectiveness 

-  thermal  efficiency  of  cycle 

-  Iscntropic  compressor  efficiency 

-  iscntropic  turbine  efficiency 


GENERAL  CONSIDERATIONS 

Helicopters  operate  at  low  engine  loads  for  moat  of  the  duration  of  their  nlsslcna  resulting  in  high 
npcciflc  fuel  connumpt tons .  The  standard  gas  turbine  engines  with  high  pressure  ratio  have  a  high 
thermodynamic  efficiency  at  design  point  but  its  value  decreases  very  drastically  with  load.  In  contrast, 
the  regenerative  engine  can  be  designed  to  have  its  lowest  specific  fuel  consumption  fS.K.C.)  at  part 
load  resulting  also  in  a  low  weight  heat  exchanger. 

For  this  .ypo  of  application  th'-  compact  heat  exchangers  arc  well  suited  but  the  design  loust  be 
carefuPy  optimized  in  order  to  achieve  lavourable  operational  characteristics. 

Tvo  typical  approaches  can  be  adopted  In  this  respect* 

(O  The*  tot.il  helicopter  weight  at  takc*off  to  be  the  eome  as  the  reference  (non-rcgcncratlvc) 
helicopter,  thus  achieving  a  low  SFC:  no  gain  In  total  weight  means  that  the  difference  saved  in  fuel 
weight  for  □  given  mission  is  used  up  by  a  regenerator  with  a  high  effectiveness. 

The  heal  exchanger  In  chosen  so  that  a  minimum  weigtit  at  takc'off  is  obtained.  This  leads  to  a  higher 
SFC  than  ill  the  previous  case  because  the  hcot  exchanger  Is  smaller  with  s  lower  effectiveness,  but 
has  the  advantage  of  increased  payload  or  raaneuvrablllty . 

fho  flow  diagram  for  a  regenerative  cy‘le  Is  shown  In  fig.  1.  Its  thermal  efficiency  (vtthc=l)  Is 
(Haywood) ; 


'Vy  ^ 

wheris  v-  ami  'A=rij.'i(.TA/Ti  ,  shoving  that  n^-y  falls  linearly  with  presBure  ratio  Increase,  There  is  r 

ritaxlinum  value  of  K  fo**  a  given  n ,  because  the  heat  exchanger  can  only  bo  useful  when  the  turbine  outlet 
tempeinturc  iu  larger  than  the  compressor  outlet  temperature.  Practical  boat  exchangers  will  have 
•f  feet ' votttRsei)  of  U‘BM  than  0.8  and  .is  shown  in  fig. 2,  this  will  offset  the  value  of  i  ,,,,  as  a  function 
of  R, 

All  ndduionol  irreversibility  that  must  be  taken  into  aercunt  when  analysing  pi‘actical  cycles  Is  the 
ptct'siire  drop  in  coribitot  ioii  charibers,  heat  rxchongers  passages , ducts ,  etc.  bec.ei.s-c'  these  locscc  will  have 
ii  tiignlfic.mt  effcjct  ot*  cycle  efficiency  and  on  optimum  parameter  values. 

The  present  work  was  bused  on  the  following  fixed  aooumpt ions  * 

Inlet  temperature,  Ty*  290  K 
Inlet  preuftiirc,  “■  101330  Pa 
Dpocific  humidity  “  C;,G063  Kg  H2O/KE  dry  oir 
)r.lct  filter  presoure  drop  "■  0,05  of  Pq 


ConbuBtlon  chamber  pressure  drop  «  0,03  of  P3 
Turbine  Inlet  temperature,  ■  1400  K 
Comprensor  leentroplc  efficiency,  *  0,8 
Turbine  laentroplc  ef f ^ clency ,0^  *  0,9 
Combustion  efficiency  »  0,95 
Vuel  lower  heatlnf^  value  ■  46  000  KJ/K(; 


The  engine  was  designed  for  900  KW  at  full  power  and  the  optimisation  performed  at  467.  part  load  (414 
KW)  for  a  typical  mission  duration  of  2h30mln  (plus  20  min  reserve). 


SKLECTIOM  OF  MEAT  EXCtiAHGER  TYPE 

All  heat  exchangers  were  assumed  to  have  a  square  frontal  area  on  the  gaa  passage;  the  length  of  the 
air  passage  resulted  always  much  larger  than  that  of  gas  due  to  the  approximately  e4ual  pressure  drop 
distribution  and  the  differences  In  pressure  and  temperature;  Copper  was  the  material  used  to  evaluate 
matrix  weight . 

Different  types  of  heat  exchangers  were  tested:  four  tubular  and  thirteen  plate  type.  The  geometries 
used  are  defined  in  (Kaye  .nnd  I.ondon). 

Those  with  finned  tubes  were: 

1  **  clrctilar  tubes  and  fins 

2  -  circular  tubes,  continuous  flna 

3  -  flat  tubes,  stsggcred,  continuous  fins 

4  “  flat  tubes,  in  Line,  continuous  fins 

Tests  were  made  for  c  between  407*  and  60%  and  pressure  ratios  of  5  and  8.  The  results  confirmed  that 
this  type  of  exchangers  arc  not  well  adapted  to  aeronautical  use.  Although  they  exhibit  very  low  pressure 
drops,  their  weight  Is  high.  On  trying  to  design  a  lighter  one  (g”457.)  the  gain  in  SFC  was  moderate 
(2Lg/KWh).  They  wetc  excluded  from  further  study. 

Tests  on  plate  heat  exchangers  were  run  with: 

1  -  plain  fins  (5) 

2  '  louvered  fins  (3) 

3  -  strip  fins  (3) 

4  -  wavy  fins  (2) 

Fressure  ratios  between  5  and  8  and  e  between  40%  and  707*  were  used.  Three  exchangsra  were  selected 
from  those  thirteen,  based  on  minimum  total  weight  (fuel  at  take-off  *  exchanger  matrix): 

1  -  Flote  wavy  fins  17.8-3/8  tf 

2  -  Plate  wavy  fine  11.44-3/8  W 

3  -  Plate  strip  fins  3/32-12.22 


CYCLE  OPTIMIZATION 

The  thvQc  selected  exchangers,  tested  in  the  range  of  pressure  ratios  between  5  and  16,  showed  an 
optimal  R  of  about  8. 

Figure  3  ohows  the  difference  In  weight  and  $PC  compared  to  thn  reference  helicopter  for  Ihe  17.8*3/8 
W  wjvy  fin.  The  influence  of  •the  value  of  c  Is  significant  in  both  accounts  and  tlio  effect  of  pressure 
ratio  Is  mixed. 

If  the  first  criterion  Is  used,  thot  is  an  helicopter  with  the  same  weight  and  payload  at  take-off, 
the  optimum  pressure  ratio  Is  6,  r.  will  be  around  70%.  with  0  gain  in  SFC  of  44g/KWIp. 

Oil  the  other  hand,  if  the  criterion  for  minltaum  weight  Is  used,  a  pressure  ratio  of  10  would  be 
uclectcd,  C^bOV,  saving  14Kg  in  weight  and  32g/KWh  In  SFC. 

Similar  atudy  Is  presented  on  figures  4  and  3  for  heat  exchangers  11.44-3/8W  and  3/32*12.22,  but  the 
results  an*  somewhat  different. 

Maximum  gains  In  SFC  arc  obtained  for  pressure  ratio  around  8  but  are  somewhat  lower  than  for  type 
17.6-3/OW.  Maximum  weight  savings  arc  nlso  obtained  with  R  of  10.  Table  1  compaxeo  the  perfornance  of  the 
three  types  of  exchangers  showing  that  17.8-3/6  W  is  the  best  choice  for  both  criteria  and  also  preecnts 
the  lowest  matrix  volume. 

Figure  6  (A,  B,  C)  shows  heat  exchanger  type  17.8-3/8  W  volume,  passage  length  and  v;olght  reduction 

08  o  function  ofr.  and  preesure  rutloi  a  decrease  in  effectiveness  fi*om  70%  to  607,  will  reduce  the  matrix 
volume  to  Leon  th.in  half. 

O'  Table  2  the  main  cycle  temperatures  and  typical  mission  fuel  coneumplions  are  compared. 


FULL  1»0WER  RATINU 


It  io  necessary  to  analyse  full  power  performance  in  order  to  compare  the  effect  of  increased  mass 


flow  on  cycle  pAranetcra.  The  shudy  wee  made  for  the  two  caaee  (AV‘-0  and  AL  nax)  with  one  heat  exchanger 
(type  17.8-3/6  W)  varying  ahaft  output  betwen  46%  (optltaization)  and  lOOX  (900  KW). 

Figure  7  (a,  B»  C*  D)  above  that  for  case  1  (AP*0)  the  larger  heat  exchanger  (f:'t70%)  the  dccreaac  in 

due  to  full  load  higher  maae  flow  la  raoderate  (77.)  and  the  increase  in  preeaure  drop  (air  and  gas 
aides)  noticeable)  rlalng  from  total  of  S%  to  15%,  the  SPC  reachea  240g/KVh  but  ia  still  tesa  than  the 
reference  3FC  (255  g/kwh). 

The  analyalp  of  caae  2  (Ap  max)  with  the  analler  heat  exchanger  (e‘«60'%>  ahowa  that  a  by^paaa  ayetem 
ia  required)  except  for  the  R*12.5  engine.  The  pressure  drops  rise  vary  steeply  with  high  load  taaaa 
flows. 


CONCLUSIONS 

The  regenerative  helicopter  gas  turbine  engines  exhibit  e  number  of  characteriatica  that  make  them 
competitive  using  preoent  day  technology. 

The  requirement  of  moderate  preaaurc  ratios  saves  on  compressor  complexity  and  weight. 

Optimization  procedure  selected  a  plate  wavy  ftn  exchanger  type  17.6*3/8  W  as  the  most  favouri'ble  on 
both  criteria,  enabling  fuel  savings  of  up  to  207., 

It  was  possible  to  have  an  exchanger  that  could  cope  with  high  maas  flow  at  full  load  without  the 
need  for  a  by-paoa  syatern. 

The  IR  suppresBor)  If  required,  will  be  lighter  due  to  lower  gas  temperature  T^ . 

New  arrangements  for  the  matrix  and  the  duct#  will  he  needed  to  improve  the  regenerative  engine 
layout.  Pin  materials  lighter  than  copper  can  be  used* 

The  regenerative  helicopter  in  the  900  kW  class  will  be  able  to  pay  for  its  additional  procuremtnt 
cost  with  the  coat  of  fuel  saved  during  its  service  life,  depending  on  the  number  of  hours  of  flight  p*r 
year  and  years  Iti  service.  Lighter  exchangers  and  rising  fuel  coats  will  also  contribute  toward  this 
goal.  With  fuel  cost  at  US$  0|30/Kg,  a  service  Life  of  20  years  at  500  hours  of  flight  per  year,  the  fuel 
saved  will  amount  to  US$ 110,000*00  that  would  pay  for  the  additional  procurement  coat  resulting  from  the 
iuplementatlon  of  two  regenerators. 

To  take  full  advantage  of  the  regenerative  cycle  charecterlstlca,  all  components  need  to  be  adapted 
and  In  particular  the  flame  tubes  that  are  expi>sed  to  higher  air  inlet  temperatures* 

The  use  of  distinct  geonetrlo^i  in  air  and  gas  pasaages  was  not  included  in  this  study  and  will  probably 
result  in  added  advantages  weight  and  preaaure  drop. 
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TABLE  1  -  UKAT  EXCHANGER  PF^lFORllANCE  COMPARISON 
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76 
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TABI.K  2  -  CYCl.K  TKMPKRATORKS  <  R  ) 
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DIStDSSION 


H.(f.Hrcc,  Go 

! .  I' rom  moLlcrii  lielicnptcr  engines  we  will  re(|uirc  :iit  emergency  rating  i.e.  2.S  niiniites  at  higher  tcni|x:ralurc.  What 

are  yon  considering  to  protect  the  heat  exchanger  from  overheat. 

2.  Flying  rates  of  500  hrs/yciir  do  not  appear  to  be  applicable  to  military  use.  Our  army  helicopters  have  a  rale  of 
about  201)  hrs/year. 

Author's  Reply 

1 .  Miglier  tein|)craltircs  resulting  from  the  emergency  rating  requirement  would  have  to  be  taken  up  both  by  the  heat 
exchanger  system  and  the  turbine  itself'  The  solution  would  he  either  to  use  appropriate  materials  (perhaps  loo 
expensive)  or  to  design  a  dilution  systems  with  a  hy-pass  from  a  compressor  intermediate  stage  to  the  turbine 
outlet. 

2.  Perhaps  the  additional  procurement  crests  for  implenicnialion  of  two  regenerators  will  not  exceed  IIS  S44,l)00  (for 
two  regenerators)  depending  on  the  numlicr  of  engines  manufactured. 


K.isggebrccht,  Ge 

I  fully  agree  with  your  main  conclusion  that  the  regenerative  helicopter  gas  turbine  exhibits  attractive  advantages. 
However,  you  have  chosen  heat  exchanger  matrix  data  availalbc  from  standard  literature  for  quite  a  long  lime.  I  want  to 
point  out  that  a  thorough  matrix  oplimi/.alion  for  a  given  performance  cycle  and  mission  profile  is  necessary  in  order  to 
HiuI  out  the  best  suited  heal  ext  banger  coiirigtiration  (asp  ;cls  of  fabrication  and  mechanical  integrity).  You  jumped  to 
the  conclusion  that  conrigurations  ui  tubular  matrices  exhibit  disadv-anlages.  Do  you  plan  to  look  at  fiirihcr  beat 
e.xchiinger  matrix  optimisation  and  do  you  except  to  arrive  at  different  conelusions  at  this  end? 

Author’s  Reply 

This  first  phase  of  our  study  wtis  directed  towards  cycle  optimization  ba.sed  on  exchanger  selection  from  existing  data 
(Kays  and  l.ondon)  and  using  the  same  configuration  for  air  and  gas  pass.igcs  on  plate  type. 

We  lire  presently  starting  the  opiimiziuion  of  the  matrix  itself,  based  on  the  experience  gained  during  the  first  phase, 
cs|H'cially  on  parameter  sensitivity. 

The  manufacturing  and  integrity  aspects  will  not  be  included  until  we  ohinin  rclevai.t  data. 


A.B.  Turner,  UK 

Have  y<iu  considered  llie  integrity,  i.e.  life  of  (he  heat  exchanger  from  the  operational  point  of  view  as  materials  such  as 
Inconel  are  very  expensive. 

Aiilhiir’s  Reply 

We  have  not  sinilieil  ciihvi  liic  'specls  related  to  nitegriiy  <'r  to  inanuraclurc. 


i’.Kametle,  Fr 

Avcv.-voiis  cMudie  le  cits  des  echangenrs  cn  ceramu|uc? 

Que-pensez  vo'is  de  I  augmeiitalion  de  trainee  d'un  hclieoptere  liee  an  volume  dc  I'cchiingeur  (cn  particrlicr  le 

diametre)? 

Author's  Reply 

1 .  I  .es  ciirae:eris'i(|ues  thermohydrauliqiics  des  ik'liuiigeurs  cn  eeramk|uc  clani  tres  pen  Iraiiccs  dans  la  literature 
ouverte.  on  n  a  pa*  pu  les  inclure  dans  nos  eludes,  nolainmcnt  cn  ce  qui  eoncerne  les  valeurs  possibles  pour  [I  cl  Ics 
pc.  tvs  de  change. 

2.  I’l.iiir  Ic  cas  dr  :;  helicopt'-rcs.  nos  etudes  monlreiit  que  (le.s  cchangeurs  nietalliqucs,  ayani  un  plcin  de  |i  elcvc,  sont 
at  ecptiiblcs  liii  point  de  v:ie  poids-voliune:  la  figure  ()B  indique  pour  I'ccliangcur  1 7.85/8W  une  iiirc  fronlalc  de 
48  tin  X  48  cm  avee  bi  ’"'ll  irerficaeile.  done  la  trainee  de  Tlioiitoplcre  lie  sera  pas  aiiginentcc. 


tNTERET  DES  KCIIANCEURS  EN  CERAHIQUE 
POUR  TURBIKP.  A  GAZ  OU  TURBOREACTRURS 
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par  !^ctge  BOUUIGUES  et  Jean  FABRl 

Office  National  d'Etudes  ct  dc  RcchercheB  A^roapatialcs 
29,  avenuG  de  la  Dlviaion  Leclerc 
92320  CHATILLON  (France) 


R^aup^  ) 


Lea  echangeurs  en  acler  places  an  aval  de  la  dernlere  turbine  des 
turboteacceurs  et  dea  turboisoteurs  sont  trop  lourds  et  trop  cncoabrants. 

Avec  un  cchangeur  en  carburc  dc  &lliclup»  an  peuc  au  contraire  arrivrr 
A  dee  blLana  dc  taasae,  de  perf oroiancc .  d*Gncoabreaent  et  dc  caOts  capables  de  } 

scdulrc  certains  usagers  clvils  ou  nilltaires. 

En  effct»  la  bonne  tenuc  il  chaud  du  carbure  de  slllciun  perset  de  | 

placer  l*dchangcur  en  cours  de  detente.  On  peut  aontrer  qu'on  gagne  sut  les  | 

preaaione  du  flux  chaud  et  du  flux  froid»  ce  qul  favorlse  consld^rableaent  les 

echanges^  dltDinuant  alnsi  la  longueur  et  te  dlaft^tre  de  I'^changeur.  La  dGnslt6  ( 

dc  3,2  conduit  nlors  %  des  gains  de  aassc  spectaculalres.  * 

On  envisage  la  possibility  de  pernettre  d  une  partlc  du  flux  froid  de 
court'circulter  l*echangeur  ooyennant  un  paramdtre  d*adaptatlon.  Cecl  peroec  un 
genre  de  rechauffe  en  n'utlllsanc  qu*un  seul  foyer  et  avec  un  processus  theraody- 

naalque  de  rendenent  trds  supyrleur*  ) 


CERAMIC  HEAT  EXCHANGERS 
FOR  GAS  TURBINES  OR  TURBOJET  ENGINES  £  i 


Abstract 


Heat  exchangers  aade  of  steel  and  placed  downstreato  of  the  last  turbine 
of  A  turbojet  engine  or  any  gas  turbine  are  too  heavy  and  too.  cuabersoncf 

With  a  heat  exchanger  made  of  silicon  carbide  mass,  performance,  volume 
and  cost  balances  much  Interesting  for  civilian  or  military  use  can  be  obtained* 

Silicon  carbide  has  good  thermal  performance  and  taakes  it  possible  to 
situate  the  heat  exchanger  between  turbine  stages.  Both  the  pressure  of  cold  and 
hot  gases  are  thus  increased^  the  heat  exchange  processes  are  amplified,  the 
length  and  the  diameter  of  the  exchanger  are  reduced.  The  density  of  this 
material  being  only  3.2,  the  overall  mass  of  the  exchanger  Is  considerably 
reduced. 

It  is  also  possible  to  shortcut  part  of  the  cold  air,  and  obtain  thus  a 
controling  parameter.  A  kind  of  after  burner  effect  Is  obtained,  although  a 
single  combustor  is  used,  and  the  corresponding  thermodynamic  process  has  a 
higher  efficiency  than  the  after  burning  process. 


I  -  INTRODUCTION 


L*interct  dcs  echangctirs  de  clialcur  Aa\\»  1c$  motcurs  thorrelquc;;  est  blr!n  connu.  Leur  role 
consisto,  on  gdneral»  d  retntogrcr  dans  lo  cycle  des  calorics  qul,  sans  echangourt  soralcnt  pcrducs  dans 
I^atmosphcrc.  Cette  r61nt^gration  cst  reallsCc  au  niveau  de  presslon  aaxireuta. 

liCS  criiilquGS  forinul6GS  d  l'£gard  dcs  cchangcurs  sont  multiples  : 

-  pertes  de  charge, 

-  masse, 

cncombrereent  (longueur,  dlaadtre), 

~  encrassenent, 

-  fuites, 

-  prlx. 

liC  confliC  entre  pertes  de  charge  d'une  part  et  masse  et  enconbrement  d’autre  part,  conduisent 

pour  Ics  Installat Lotis  terrestres  do  turbines  a  gaz  ^  des  dimensions  dc  I'^changcur  qui  eernsent  la 

turbine  h  gax  proprofflent  dlte. 

Vourtant  la  flrtoo  Bristol  a  fait  volcr  Ic  Theseus  turbopropuLseur  avee  echangeur  vers  Les 

ann^GS  1934.  Mals  11  n*a  pas  d^pass^  ie  stadc  dcs  prototypes.  Notons  qu'un  brevet  prls  au  Canada 

protSgealt  dds  i948  1 'utl llsation  des  echangeurs  sur  les  turbor^acteura . 

Ues  calculs  executes  vers  1930  nous  persuadaient  de  I*lnt4r8t  thcrmopropulslf  dc  cette  fornnle 
cn  monc  temps  que  dc  1* Imposs Iblllto  dc  la  mettre  en  oeuvre  on  raison  do  sa  masse  et  son  oncorabrement . 

L'apparitlon  de  places  en  carburc  de  olllclum  a  pernls  de  reprendre  Ic  probldne  avee  un 
nateriau  trda  conducteu*,  tree  legcr  et  resistant  ^  tr^s  haute  temperature.  L'lnt6r8t  thermopropulsi f  cst 
valorise  par  les  tempdraturos  plus  elev4ea.  La  masse  n'est  plus  un  multiple  mals  une  fraction  de  la  masse 
du  moteur.  E^nfin  I* cnconbrcment  n'nggravc  pas  sensibloment  cclul  qu'lmposent  les  doubles  flux. 

En  Gffet  cn  thortLopropulslon  le  role  dc  I'^changeur  cst  double  : 

a)  en  r^lntcgrant  dans  le  cycle  des  calories  au  niveau  de  la  presslon  maximum,  11  Economise  Le  carburant 
quMl  auralc  fallu  pour  ce  faire.  11  am^llorc  done  Ic  rcndement  thermlque  ou  blcn  perjet,  I  rendement 
thcrmlque  donn$  de  dlmlrmer  le  rapport  dc  presslcn  ; 

b)  cn  dlalnuant  la  temperature  (et  la  presslon)  des  gas  chauds  U  dlminue  la  vltesse  d'^joctlou  do  ces 
gas  ct  am^Uorc  aliisi  le  rendement  propulslf,  ou  permet,  3  rendement  propulslf  donn6,  de  dlmlnuer  le 
taux  do  dilution. 

L*£cl)angGur  sur  turboreactcur  mono  ou  double  flux  apparatt  slnsl  comae  unc  complication  qul 
slnpliflc  d*autc<!8  probi.3nes  : 

~  forts  rapport  de  presslon, 
forts  taux  dc  dilution. 

Sans  Jeu  de  mots  on  peut  dire  que  I'^changeur  echonge  non  seuloraent  des  calorics  mals  dcs 
oaeses,  des  encoabrements ,  dcs  prlx. 

Aujourd*hul  I'^chaigcur  en  clranlquc  paratt  s'imposer  pour  les  petits  propulseurs  clvlla 
(avions  d'affaires,  ou  d'aSroclubs,  missiles  dc  croisl^re. . . )  dans  la  oesure  ou  I'on  saura  r^soudre  les 
probldaes  quo  pose  Ic  carbure  de  sillclun  et  son  marlagc  avec  le  rests  n^tallique  du  propulseur. 

Pour  les  motcurs  de  ttMycnnc  et  de  forte  pouss6c,  I'^changeur  cn  cerburc  dc  sillclun  apparatt 
cotiKDO  une  posslbllitn  qul  ofirlte  d'etre  examinee  avec  unc  attention  d'autant  plus  forte  que  les  tempera¬ 
tures  maximum  des  cycles  Itont  en  augaentant. 

L'ONERA*  s'est  attache,  avec  le  soutien  de  la  DRET**,  3  condulrc  dcs  Itudcn  tb^oriques  sur  les 
avantages  (et  les  Inconv^nlents)  therraopropulsif s  de  cette  formule,  En  paralldle,  des  (tudes  thforiques 
sur  les  echangeurs  ont  ct€  d6velopp§e6  avec  deo  awd^lisatlons  slmpllfl^os  prenant  en  compte  les  proprl- 
etes  du  carbure  de  slllcium  et  les  avantages  d*une  technologic  orlginale  que  la  firme  CERAVRR***  a  su 
mettre  en  oeuvre.  L'analyse  du  comportement  d*un  6changeur  de  120  g/s  de  d6blt  a  pu  etre  men^e  xur  un 
banc  d'essai  sp^clalencnt  am^nugi  par  I'ONERA.  Ces  essais  ont  oontr^  une  bonne  confirmation  de  la  cwd^ll- 
saclon  ct  quelques  dlfflcult^s  dans  la  liaison  c€raaique  m8tal. 

^  "  LES  BASES  THERMODYNAMiqUES 

Sur  la  planchc  I  nous  avons  fait  flgurer  les  divers  cycles  thfioriquos  d^rlv^s  du  cycle  simple 
(CS)  de  la  turbine  3  gas  avec  en  r6f8rence  le  cycle  de  Carnot  et  Ic  cycle  d'Hrlckson  nolns  connu  mals  qul 
possdde  le  rendement  th4orlque  grgee  3  une  compression  ct  une  dStente  Isotherme  svec  un  cchangcur 

qui  r^cupere  ics  calories  cn  fin  de  detente  pour  chauffer  k  presslon  conetante  I'alr  en  fin  dc 
compression.  Le  cycle  d'Erlckson  cst,  d  la  turbine  k  gar,  ce  que  le  cycle  de  Stirling  cst  aux  moteure 
volum^trlquee,  c'eBt-3**dlre  une  asymptote  technologlque  Cr$s  I”.' eressante  tsala  difficile  3  r6aliser. 

e'est  blen  la  technologic  qul  llmite  les  performances  des  cycles  th^orlques*  C'est  pour  ol  sur 
la  planchc  2  nous  avons  fait  flgurer  sur  Ic  mdrae  graphlque  les  rendenents  en  flulde  parfslt  t  les 
rendements  en  flulde  r4el  de  7  cycles  qul  ont  re9tt  ou  pourralcnt  recevolr  des  realisations  aSronautiques . 
Nous  n'avons  pas  mis  le  cycle  de  Carnot  nl  le  cycle  d'Erlckson  en  flulde  riel  car  11s  senblent  condulre  d 
trop  de  complications,  trop  de  volume  et  trop  de  poids  •  II  est  possible  cependant  qu'un  cycle  d'Erlc'c'.son 
solt  mis  en  oeuvre  en  turbine  terrestre  ou  navslc  en  rcepla^ant,  bien  sur,  les  compressions  et  dStentes 
IsotherMS  par  dec  mlcrostructures  en  dents  de  scle. 


Sitr  la  planchc  2  le»  I'^ndemeots  en  fluidc  tcel  sont  trda  dependartta  dcs  quallc6s  dcs  cocnposanta 
(comprcsacur  ot  turbine)  ct  des  pcrtos  do  charge  dano  Ics  conduits  ou  les  foyers  %  On  notcra  on  absclsso 
^41  - 

ft. 

I'enthalple  ^  L'entr^e. 


la  variable 


qul  ruprSsonte  I'onthalplc  apport^e  par  le  compressour  rupportec  d 


Co  paratfi^tre  nous  semblo  prcfcrablo  au  rapport  de  pressLon  qul  i^iangc  I'apport  d*enthalplo  cc 
La  qualltc  dc  cct  apporc.  Nous  ntlllserons  done  par  la  auitc  cc  paran^lire* 


On  aotcra  sur  la  planche  2  que  la  coapreaslon  ref vo Idle  (C»R.)  donna  Ic  uellleur  rcndemcnt* 
Notons  cependant  que  la  courhe  no  prend  pas  en  compte  L*JSficrgle  n6cessalre  au  ref roidissement  ce  qul  est 
realise  pour  une  turbine  navale  on  pour  unc  turbine  :.errcstrc  an  bord  d'unc  riviere,  oats  cc  pourralt 
ctre  valable  pour  un  double  flux  qul,  servnn  d  refroidlr  la  compression  prlaalre,  utlllscralt,  sous 
I'anglc  propulslf,  Ics  calories  prfelevC'is.  Hals  .cc  bon  rendement  est  obtenu  avec  une  tres  forte  cnthalple 
do  compression.  Mnel  I  la  difficult^  de  I'^changeur  s*aJoute  ia  complication  d'an  tees  grand  nonbre 
d'etages  dc  compression  ct  dc  detente. 


A  I'oppos^  on  trouvo  1 ' 6changeur  aval  (BA)  qul  attelnt  un  renderaent  du  K$Re  ordre  mats  avec  une 
trds  falblc  cnchalpic  dc  compression.  Cerr.es  cet  echangeitr  pose  plus  dc  problAne  que  celul  qul  refroldlt 
la  compression  nals  le  n'^nbre  d'dtjgca  de  compression  cc  dc  detente  eat  constd^rablement  dlmlnu6. 

Tr5s  pres  cn  trouve  1 'gchangeur  Intcrm^dlalte  (El).  Nous  l*appclons  Interregdlalrc  car  11  se 
place  en  cours  dc  dAtente  entre  \gr  turbines.  Deux  formules  sont  possibles  : 

Ett  entre  la  turbine  du  gAnorateur  et  La  turbine  de  puissance, 

--  F)2  entre  deux  roues  dc  turbine  du  gAnerateur. 

Dans  cc  drrnlcr  cas  la  position  doit  Atrc  optlmisee  en  fonction  de  la  terepArature  maxLnmn  et  de 
la  qualltA  dcs  composants  (ce  qul  esC  le  cas  dc  la  planche  2). 

On  notera  que  EI2  esc  plus  c&auvats  que  Ktt  ct  qu*ll  reclame  une  plus  forte  cnthalple  do 
compression  (pourtant,  en  fluldo  parfait  EI2  est  supArleur  A  Eli). 

L'cnthalplc  de  compression  est  plus  elevAe  que  celle  dc  EA  mats  reste  trAs  InfArieurc  A  celle 
du  cycle  simple.  L'evantage  do  Kli  vient  dc  ce  que  lea  valours  dc  sa  longueur,  de  son  diamAtre  et  de  aa 
oasae  sont  trAa  InfAriouro.s  aux  valeurs  de  EA  (dene  un  rapport  de  1  A  1).  En  effet  le  cycle  est  plus 
cotaprlmA  done  I'alr  en  aortic  do  compression  Llent  molns  de  place  et  fournlt  un  mellleur  coefficient 
d'Achange.  D«  mdtac  les  gaz  sont  d  une  pression  qul  vaut  <1  ou  5  fcls  la  presslon  atmoaphArique  qul  est 
de  I'Achangeur  aval.  On  a  done  les  deux  mcnes  effete  que  pour  I'alr. 

Dc  plus  aoullgnona  I'apparltlon  rAcente,  comae  raatArlau  d'Achangeur,  du  carbure  dc  slllcluD 
SiC.  Avoc  une  masse  volualque  dc  3200  une  contra&nce  de  traction  adalsalble  supArleurc  A  ^00  HPa 

Jusqu'd  1400*C,  unc  conductlbllltA  aupArleure  de  100  X  A  0*C  et  de  30  X  A  800*C  A  celle  de  I'acler  ce 
nstArlau  convlent  parfaltenent  pour  les  Achangeurs  El  ou  EA.  If.  est  clalr  que  pouf  El  11  est  le  seul 
possible  avec  Us  teapAraturee  aujourd'hul  utlllsAes.  Sa  olse  en  oeuvre  en  tube  nervurAs  ne  pose 

pas  de  problAne.  La  difflcultA  vient  essent ielleaent  dc  son  falblc  coefficient  de  dilatation 
su  lieu  de  16.10*^  pour  les  aclers).  La  liaison  avec  les  plAceo  oAtalllques  ooae  done  des  problAmes 
d'etsnehAitA  ou  dc  brldagc  malo  qul  paralssent  pouvolr  Atre  surnontAs. 

Au  passLf  dc  I'Achangeur  incerocdlalre  Ll  faut  nettre  le  felt  qu'il  dlnlnuc  trAs  sensiblemont 
la  puissance  par  unltA  de  dAblt.  Mais  pour  les  petlts  propulseurs  9a  peut  dcvenlr  un  avantage.  Par 
aiilcurs  I'Achangeur  intermedlalre  peut  Acre  court-clrcultA,  portiellement  ou  totolenent,  lorsqu'on  veut 
la  plclne  puissance  cc  qul  est  unc  fa9on  dc  valoriser  les  regimes  rAdults.  (Un  paranAtre  d'adoptetlon  dc 
la  turbine  ou  de  la  tuydre  cn  aval  de  I'Achangeur  est  nAcesealre  si  I'on  veut  donner  au  processus  sa 
pleine  ef f IcscitA) . 

La  rechauffe  en  cours  de  dAtente  R]  ou  R2  est  plus  nauvalse  que  le  cycle  simple  en  fluldo 
parfait,  se  coiiflrac  cn  flulde  cAel.  La  rechauffe  augo^nte  la  puissance  por  unltA  de  dAblt  mals  dAtA- 
rloro  le  rendement.  Le  procAdA  est  utillsA  (oous  la  forme  Ri)  dans  les  turborAacteurs  nilitalrcs. 
L'effct  est  le  mAne  que  le  court  circuit  de  Eli  mals  thermodynsolquement  11  vaut  mleux  court  clrcuitcr 
un  Achangcur  qu'allumer  une  rechauffe  (ce  qul  reclame  aussl  un  paraoAtre  d'adaptatlon  de  la  tuyAre). 

^  “  L' ASPECT  PROPULSIF 

Sur  un  Bonof lux  la  vltesse  d'Ajcctlon  est  conslderablenent  dlnlnuec.  On  rotrouve  les  vertus  (et 
les  v'ces)  du  double  flux,  c'est*'A'*dlre  un  bon  rendement  propulslf  nmis  un  encombtemr- i  ct  un  polds  plus 
AlcvA.  Toutofois  I'Achangeur  peut  Atre  court  clrcultA  (en  partlculler  au  decollage  ou  en  fin  de  mission 
pour  \m  missile)  alors  que  la  dilution  nc  peut  pas  Atre  cscamotAe.  La  tuyAre  A  section  variable  nAces- 
saire  est  plus  simple  qu'avcc  une  rechauffe  tradj.tionnelle  pulsque  la  teupAraturc  cat  celle  qu’auralent 
les  gaz  s'il  n'y  avalt  pas  d'Achangeur.  En  dosant  le  dAblt  court  clrcultA  on  a  un  vAritable  moteur  d 
cycle  variable  avec  le  chotx  entre  forte  poussAe  ct  bonne  consonmatlon  spAciflque. 

Sur  double  flux,  la  prAaence  de  I'Achangeur  dlnlnuc  la  vltesse  d'cjecCion  du  flux  primnlrc  ct, 
de  ce  fait,  dialnue  la  mauvelsc  Influence  que  ce  flux  exerce  sur  le  rendement  propulslf  global.  Par 
ailleurs  le  teux  de  dilution  optinuo  pour  une  tempArature  donnAe  oc  troave  nbelssA  pulsque  le  flux 
pi'insire  fournlt  ax>ln6  de  puissance  par  unltA  de  dAblt,  comae  par  ailleurs  I'enthalple  de  conpresslon  et 
de  dAtente  du  flux  prtnaire  sont  plus  fslblcs  11  en  rAsulte  une  grande  alropllf tcatlon  technologique 
(absence  dc  rAdiicteut,  facllitA  pour  un  Invorseur,  faible  nombre  d'Atsges  de  compresscur  et  de  turbine). 
Le  aaltre  couple  est  senslbleaent  Identique.  On  peut  done  dire  qu'on  a  un  moteur  un  peu  plus  gros  en 
prltBslre,  un  peu  nolns  gros  en  secondalre  de  dlarndtre,  de  longueur  et  de  tsusse  senslblement  Aqulvalents. 


;^.s-4 


C'c&t  unc  autt'e  de  rusoudre  Ic  probl^me  quc  pose  I'augmoncatioo  des  tcmp6t'atures 

qui,  Oil  forraule  classl.quc  cntrntnc  de  trop  Cores  - /2;  (done  beaucoup  d'^tages  dc  compression  cc  dc 

turbine),  dc  trop  forts  taux  dc  dilution  imposnnt  la  prt^acncc  d'un  r^ductour,  on  blcn  un  nombre  tres 
gIov'c  d'etages  de  turbine* 

En  gros,  conuno  nous  I'avons  dit  dans  1 '  Introduction,  I'ichangcvir  ^change  non  seulcment  dos 
calories^  nals  des  dlfficultes  tcchnologlqucs .  L*apparltlon  du  carburc  dc  siliclur.  vlcnt  renforcer  const** 
dcrablcmcnt  l'lnt6rdt  des  ^changcurs  ot  tout  partlcnlldrenent  de  l'£cbangour  Intcrrn&dlalre* 

Apres  ces  g4n6rallt6s  therraopropulslvcs  nous  d6crtvon6  ci-dcssous  quclques  cas  d' applications 
de  I'ccbaagcur  cn  couts  de  detente* 

4  -  F^CHANGF.UR  SUR  HONOFLUX 

^!.l  -  Propulseurs  poui  avlons  d^a^rocluba 

Pour  cc  type  d'avlons  I'b^llcc  entratnee  par  un  moteur  altcrnatif  possede  auJourd*hui  Ic  mono- 
pole.  Pour  les  conditions  Z  ^  2000  n,  M  -  0.2  (240  koi/h)  nous  avons  ctabll  les  coiirbcs  des  planches  3  ct 
4.  Nous  avons  ptis  des  rendcreents  dc  compression  <7^  >  Od  °  0.85  confermes  a  cc  que  donnent  des 
conpresseurs  centrifuges  et  des  turbines  centrLp^tes  dans  cecte  gamme  de  d4blt  (deux  a  troia  kg/s). 

Pour  le  ref roidlssGfflont  des  aubes  nous  avons  admls  une  lol  que  nous  conserverons  pour  les 
autres  calculs  :  0  6tant  Ic  debit  propulslf,  I'alr  de  ref roldlssetacnt  cat  fi/ ^  tel  que  : 


Tfi  -  fZOO 
10000 


Pouf  la  perte  dc  charge  de  chacun  des  &cliangcurs  (en  7,  de  leurs  presslons  anont  rospectives)  : 

»  t.c  ”  {.0,03  -O.OIS  C) 


f  cotnme  frold, 

C  cuntnc  chaud. 

Cette  lol  cat  conforme  d  nos  premiers  r^sultats  d'esaala.  Elle  sera  conservic  dans  la  suite*  Dc  meme  nous 
avons  pris  pour  tous  les  can  : 

pertQs  de  pression  :  -  a  I’admlsslon  if  «  0,01 

-  dans  Ic  foyer  •  0,05 

-  d  l*€Jecclon  ty  »  0,03 

Sur  Les  planches  3  et  4  on  volt  que  I'optlnuiD  opttnorum  (point  A)  pour  ce  cas  dc  voL  et  dans  le 
cadre  de  nos  hypothdscf  r6allsCes  esc  obtenu  pour  une  lemp6rature  dc  1000*K  et  uTtd  varl.'ttlon  de 
temperature  de  180®  dam  le  compreasour.  Cctlc  valour  cst  tr6s  facile  d  rcallsor  pai  un  coraprerseur 
centrifuge  en  aluminium,  ha  charge  aSrodynamtque  et  tbcrmlquc  dc  la  turbine  centripete  ost,  ollc  atssl, 
tres  acceptable.  On  a  pour  le  point  A  : 

*  0,675  kg/h.daN 

-  340  «/a 

Far  courl^circult  de  l*€changeur  on  obtlendrait  au  dccollage  le  point  B  (c  ■  0,  fsi  *  1300  K) 
pour  lequol  f  »  690.  Avec  un  debit  de  3  kg/s  on  nurait  une  poussoc  .-lu  d6collage  dc  200  daN  e'est  ce 

quG  donne  appro.xinativenent  un  noteur  de  160  CV  entratnaiit  une  hillce. 

En  croislere  la  consommation  horalrc  sernlt  de  : 

1 

340  X  -  0,675*3  ”  69  kg/h  dc  k6ros@ne  au  lieu  de  35  kg/h  d'esscnce  avion* 

10 

La  cons ommat ton  cst  doubl6e  mats  avee  un  carburant  deux  fols  reolns  cher.  Pouf  imc  autonomic  de  2  h  1/2  de 
vol  on  perdralt  34  x  2,5  85  kg  de  carburant  male  le  r6acteur  avee  echangeur  pdseralt  environ  70  kg  au 
lieu  des  200  kg  de  i'accouplemeut  moteur  alternatif  et  h61ice.  Au  bllan  on  gagne  45  kg. 

11  est  clalr  quo  ces  chiffres  approxlnatlfs  dcvralent  ctre  precises  par  un  ronstructcur  de 
moteur  et  par  un  constructeur  d'avlon*  Mats  en  gros  le  bllan  financier  est  approximat Ivoaent  nul,  le 
bllan  de  masse  senblc  d  I'ovantage  du  turbor6acteur  avee  cn  prime  beaucoup  ax>lns  de  bruit  et  une 
reellleure  facllLt6  d '  Install '^tlon. 

4.2  -  Propulseurs  pour  missiles  oubsoniques 

Les  planches  5  et  6  roprennent,  avec  les  memes  liypothdses  sur  les  rendements  ct  les  pertes  do 
pression,  les  courbee  c,  (  /♦>  -  Tgi)  -  Tg-) 


Pour  ce  can  dc  vol  Z  •  0,  H  *  0,7  I'optlmum  optlmorua  eat  obtenu  pour  uno  temp6raCure  dc  1300  K 
mala  nous  proposons  de  cholsir  plutdt  le  point  A  d  1200  K  qul  perd  A  peine  2  7,  en  0$  et  qul  cvlte  tout 


rc C roldlssement  dos  Aubes.  La  C&  t  alors  dc  0^925  kg/tudaN  c'cst^d^dlre  coLle  quo  donncralt  un  double 


flux  ayant 


-  T:>, 


450*  et  uo  taux  dc  dllutiou  de  3.  Au  point  A  7^/  -  7^/ 


230°  beaucoup 


plus  facile  a  K-ailser  avee  un  soul  coenprosscur  centrifuge  ct  nne  turbine  centrlpSte  alors  que  la  fortoule 
cLosslque  reclame  deux  Stages  axLaux  dc  soufflante  qui  gaveiit  un  concrlfugc  charge  dc  r^allscr  encore 
300'’ »  un  eCage  do  turbine  IIP  et  deux  etages  do  turbine  &P* 

Une  etude  grosslcrc  Tt»ntre  que  I'oncombrement  des  deux  motcurs  est  du  tnlme  ordre  et  que  le 
d6blt  propuLslf  cat  sonslbletacnt  Ic  m6me. 


Notons  enfln  quG  par  court-circuit  de  l'£changeur  on  obtlent  Ic  point  B  ( 


-rr  •  350  solt  un  supplement  do  pousb^e  de  350 


0) 


340 


-  >  62  X 


340 


Pour  ce  cos  encore,  ccs  chiffrea  deeendent  a  $tre  avalises  par  un  notorlate  mals  les  ordres  de 
grandeurs  paralssent  attractifs  en  partlcuHer  au  niveau  du  prix  du  fiotour* 

Sur  la  pianette  7  nous  avons  regarde  ce  que  couteralt  dc  doubler  les  pettes  de  charges  » 
C«c  avons  porcees  ASX  pour  chacun  du  flux*  La  perte  de  C5  est  alors  dc  7  Z  mats  oii 
gagneralt  en  dlanAtre  de  l'6changeur.  A  I'oppodd  on  a  cherchS  ce  que  donneralent  3  points  de  nieux  sur 
les  rendenents  de  conpresseur  et  de  turbine  (forreule  axlole)  le  gain  est  alors  de  6  Z  en  . 


5  -  ECHANGEUR  INTERMKDIAIRE  SUR  DOUBLE  FLUX 

Le  th^oe  retenu  est  la  propulsion  d'un  avion  a  M 


0,8  pour  unc  altitude  Z  >  llOOO  n. 


Pi,i 


Pour  cetce  partle  lea  planches  8,  9,  10  et  II  portent  en  abscisse  le  rapport  de  presslon 
cofflptc  tenu  que  nous  gardens  pour  ces  planches  le  refine  rendenent  polytropique  de  compression 

0,87* 


*•  0,87.  Cette  valeur  est  aussl  celle  du  rendeoient  polytropique  de  dfitente  9^1 

Les  double  flux  sent  3  flux  sfiparfia  avec  un  seul  fitage  de  soufflante  comprioiant  A  1,6.  Le  taux 
de  dilution  est  obtonu  pour  cheque  cycle  en  ecrivant  que  le  taux  dc  detente  dans  la  tuyfire  prlmalre  est 
de  1,8* 

Sur  la  planche  8,  pour  La  gamme  de  tenpficaturo  aujourd*hui  utlllsfie  on  a  t.tacfi  fonctlon  du 
rapport  do  preaslon  les  courbes  de  cotiBurenatlons  spficiflques  Cj  pour  les  doubles  flux 

cUsslquoa  et  pour  les  doubles  flux  avec  fichangeur  tiitermfidlalre* 

Sur  la  parclc  besse  on  a  figurfi  I'evoluClon  des  taux  dc  dilution  A  • 

On  note  : 

a)  le  gain  de  C$  «st  de  :  3,8  Z  sur  les  optlauras  A  1200  K, 

3,3  X  •*  ••  1600  K  ; 

b)  Qvec  fichangcur  les  optimums  sont  obtonus  a  rapport  de  presslon  beaucoup  plus  foibles  : 

13  au  lieu  dc  28  a  1200  K, 

31  au  lieu  de  37  i  1600  K  ; 

c)  Les  taux  dc  dilution  avec  fichangeurs  sent  trfis  tnffirlcurs  A  ceux  du  moteur  clsssique.  Sur  la 
Cs  mini 

A  »  2,3  au  lieu  dc  3  A  1200  K, 

A  ■  5  au  lieu  dc  6,5  A  1600  K. 

Notons  qiic  si  I'on  se  place  A  gauche  de  I’optlaum  (cc  qul  se  fait  toujours)  l^fic^rt  va  cn  croissant. 

Sur  la  planche  9  on  envisage  pour  I'avenii  des  tempfiratures  plus  eXevScsi  Le  gain  de  Cs 
s'amenuisc  mais  11  rcste  que  ce  gain  eat  obtenu  avec  den  rapports  de  presslon  beaucoup  plus  falblcs  ct 
des  taux  de  dilution  trfis  inffirleura* 


ineree  Cj 


Siir  la  planchc  10  on  envlfago  dc  ne  pas  cherchcr  un  gain  de  mais  de  r(*alisei’  la 

Le  rapport  de  proeston  est  alors  de  :  6  au  lieu  de  28  a  1200  K, 

18  ■*  57  A  1800  K. 

11  sore  de  40  au  lieu  de  83  pour  1900  K, 

A  ~  1,5  au  lieu  de  3  A  1200  K 
A  *  4  au  Ilou  de  6,3  A  1600  K 

On  aura  A  =•  6,5  au  lieu  de  9,5  A  1900  K. 

La  planchc  11  dunne  la  poussce  F  por  unltfi  de  debit  total  (  f  ♦  A)  (?  pour  *  0  -  0,6  -  0,7  - 
0,8.  On  reiTvarquc  sur  Icc  courbes  du  bas  do  la  plancho  que  pour  les  Cj  mlnlreums  les  (>oussccs  par  unltfi 
de  debit  total  nc  depeiidc'nt  prattqucmcnt  pne  de  I'efftcactte  de  I'cchangcur,  y  coreprls  sans  cchangeur 
(IC  **  0). 

On  notora  sur  Ice  planches  8,  9,  10,  ll  lo  falblc  ecart  de  performances  encrc  les  efflcncltfie 
0,8  -  0,7  -  0,6,  La  complication  dc  I'fichangeur  (grande  officaciefi)  conduit  avant  tout  A  une  simplifi¬ 
cation  dcs  phases  dc  compression  ct  de  d6tente  et  A  utc  diminution  du  taux  de  dilution*  Dans  le  cas  du 
double  flux  encore,  I'fichangeur  est  une  alternative  pour  obtenir,  par  dcs  moyens  dlfffircnts  des  formules 


Jr 


3H-(i 

clAOOlquca,  uuc  perf ortoauce  dunn^c*  Nous  petuions  qu*tl  est  utile  d'avolr  I'esprlt  cctte  altetiiatlve* 

6  -  I/ECHANGEUR  EM  CERAMIQUE  TUBULAIRE  NERVURE 

Apr^B  de  noabreux  ecbanges  dc  vuc  avec  le  fabrlcant  CERAVER***  bous  I'egide  dc  la  DRET**  nous 
soaace  aujourd'hul  avrlv&e  d  la  definition  salvante  : 

Tubes  k  trols  cyllndres 


L*«lr  froid  «t  lB8  gaz  chauds  clrculent  A  tontre  conrant  dans  deB  cubes.  L'essentlcl  de 
I’echange  esC  reallsS  par  des  nervurea  radlales  i  section  constante  ou  evolutive,  une  parcle  dc  I'^change 
(13  A  20  t)  osc  realise  pat  le  tube  aedian  entre  les  nervures. 


Tubes  A  quatre  cyllndres 


■i  Chaud 


f 


3K-7 

Le  flux  frold  CSC  enciidrc  |iar  doiix  t  lux  cltauits  qiii  rlrculent  dans  Ic  memo  st^nc  f»t  en  sene 
ltn*erse  du  flnx  cUaud.  L'csst^nl  lol  de  I'cchange  passe  par  Ico  iiervurcs  radiales  ^  section  conocantc  cu 
evolutive.  Line  partle  dc  l'6chnngc  (!*>  n  20  passe  par  les  deux  cyllndros  medians  entre  Ics  ncrvnres. 
Un  c.ulcul  determine  lo  pourccnt'igr  du  flux  chaud  qul  passe  h  I'lnterlour  on  h  I’exterleur. 

L(‘s  sections  do  passage  du  flux  frol.d  6tanc  ires  inferieures  a  ccll&s  dn  flux  chaud  il  semblc 
joglquG  dc  firnctlonner  le  flux  chaud  ot  non  Ic  frold* 


Al tmv t ion  des  tuben 


Tubes  a  trois  cylindres 


L'a Hmentat Ion  dea  cuboti  ^  4  cylindres  est  plus  comptexe  ixais  cette  fornuilo  pos^Dde  dc  grands 
avuntageu  : 

a)  gain  cn  longueur, 

b)  gain  un  eiicombrcmont  radial, 

c)  d'ou  gain  an  volurae  cC  cn  mnsso. 

d)  contralntca  tbcrralqucs  plvis  falblcs  dans  Ics  nervures  et  dans  Ics  tubes. 


J5l  Ics  tubes  a  U  cyltiulroa  c.onflrmcnt  oxp6rli9eiitatentont  ecu  avantng<;s  ll  ef5t  clalr  que  I'on 
pourv'd  Scudlnr  unc  giiuoral  Isatlon  h  ded  tubes  plus  cotnpilqucs. 

Pfobl^'nes  ronc.or.tr6s 


fabrication  dco  tubeii  ncrv^ircs  ei>C  blen  au  point  longueurs  dt>  600  mm  qul 
scmhlcnt  uufflsancus  pour  dua  cffLcacttcs  ct* ** *** 6changour$  inf^rlcnros  ou  6gaLes  3  0»8. 

four  dcs  caisOtt;j  <le  ISgerstfi  et  de  rapldit6  d‘ex6cutlon  los  premiers  tubco  avolont  des 
epaisscurs  uu  ncrvurcs  do.  0^2  mm  ct  ll  u'y  avalt  pas  de  rayon  do  raccordement  entre  Ici;  nervuves  el  Lcs 
cv.Mndres.  II  en  est  r6sulT:6  une  cortulue  fragility  des  tubus*  ten  prochalncs  Eournltures  aurout  0,4  ram 
e-t  do  boi^s  layons. 

Lcs  probldmes  lcs  plus  adrieux  vleii'iciit  de  la  ll«ilson  cAtre  tubes  ct  flasques.  La  brnsurc  de 
verre  assurant  la  liaison  dolt  avoir  un  coefficient  de  dilatation  V6i$ln  de  celul  du  carbure  dc  slllclum. 
Par  alllcurs  Ic  depot  nnnuul  dc  cette  brusure  cs*  encore  artisanal* 

P^nflu  IL  fav>t  souligner  la  dlfflculce  de  liaison  do  l'4chnngcur  avee  Los  structures  n4calllques 
qul  1a  suppottunt*  Lea  coefficients  *e  dilatation  soni  trds  dlffbrents  cc  qul  Impose  d'lntorposer  dcs 
dlsposltlfs  tr3s  defotiaabiSS  surtout  lots  des  r4glraus  redults. 

7  -  CONCLUSION 

L'nugmcntatlon  crclssante  des  tempe^'otures  Impose  des  augmentations  d'ontbulple  cgnlcmcnt 
crolssant.es*  ?>.>  gros  si  i'on  suit  augmontur  Ta;  de  100*  (1  faut  augnenter  7^;  dc  la  laoitic*  Lcs 
fultGS  ou  bout  de  paleJ  1 ' cpalssisseacnt  dcu  couches  Unices  rlsquont  alors  d'annulor  le  b6n6fice  que 
I'on  attend  d'un  acct'olsscmcnt  dc  .  Ce  |K)lnc  de  vue  est  dcj3  applicable  aux  petlts  ooteurs  nais 
risque  dc  s'uppliqucr  blcntor  aux  propulscttrs  de  moyenne  ou  de  forte  poussbe. 

Oe  nemo  I'augmcntatlon  dc  /s,  conduit  3  des  augmentations  du  taux  de  dilution  ot  dejd  on  est 
amenf  a  cnvi.suger  utv  reducceur* 

La  presence  d'un  ecliangcur  apportc  certes  une  conplfcation,  mals  peut  ctre  une  porte  dc  sortie 
qoi  contournu  lcs  deux  dlfflcultes  ll6es  aux  prossions  61ev4cB  et  aux  forts  taux  de  dilution. 

L'apparlclon  sut  le  nu«fch6  du  carbure  de  slllclum  pernettant  la  talsc  en  oeuvre  d'un  6changeitr 
Gu  cours  dc  dbtontc  a  coosld6rablcaent  att4nu4  les  critiques  que  I'on  pouvolt  falro  sur  I'encombresent, 
la  masse  et  le  prlx  den  6ehoiigGurs. 


*  ONKRA  “  Office  National  d'Ktudcs  ct  do  Kccliercbes  A^rospatiales 

**  URET  -  Direction  Ucn  Recherchco,  Etudes  et  technlquco 

***  Cf^RAVKR  -  Uslne  de  fabrloatioii  de  ccramlquoo 


CS  :  Cycle  simple 

CR  :  Compression  refroidle 

p  :  Rechauffe 

EA  ;  Echangeur  aval 

El  :  Echangeur  Intermidlalre 


Ptanche  1 


Ptanche  2 
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INFLUENCE  OES  PEHTES  DE  CHANCES  DE  L'ECHSNSEUR 
INFLUENCE  DES  RENDEMENTS  nc>  no  =  n 

Z=Okm  M=0,7 

T.,=  1200K  - - 

T5,  =  1300K  - 


Plaitche  7 


INFLUENCE  DE  LA  TEiPENATUNE  IIAXIIU« 

Z  ^  11km  M  =  0,8 
n  =  0.87 


INFLUENCE  OE  LA  TEiPENATURE  iAXliUi 


z  ^  llhm  M  =  0,8 

0  =  0,87 
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DISCUSSION 


V.Mihail,  Fr 

Vous  avvz  paric  dc  deux  applications  l-  cs  intcrcssanlcs:  moicurs  a  piston  et  double  flux,  i ^application  de  cu  type  dc 
propulscur  iieccssiic  ia  (>crforin<ince  inais  aussi  I'cudurance.  Quel  csl  I'clal  exact  dc  vos  reclierchcs  en  cc  dcniicr 
paiainetre? 

Reponsc  d' Auteur 

1,’O.N.E.R.A.  nc  saurait  se  substituer  aiix  constructcurs  de  turbumachincs  pour  Ics  problemcs  d’cndurancc.  Notre 
ambition  est  de  mettre  cn  lumierc,  stir  banc  d'essai  specialise,  Ics  difficultes  dc  mise  cn  oeuvre  d'un  materiau  bcaucoup 
nioiiis  bicn  connu  que  les  alliagc  nictalliqucs. 


A.E.Bourguignon,  Fr 

Oil  en  ctcs-votis  au  niveau  u  .'s  etudes  tecbnologiqiies  coiiccriiant  Ics  problemcs  dc  compalibilitc  metal  ccramique  et  cn 
particulicr  les  problemcs  d'lbanchcitc? 

Heponsc  d’Autcur 

Le  plus  grand  problcinc  vient  de  la  liaison  tubes-nasqucs-mctal.  Jiisqu'a  present  on  est  arrive  it  dcs  diirces  dc 
fonctionucincnt  dc  1 0  betircs  avee  cycles  tlicrmiquc. 
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EFli'ECT  OF  FILM  COOLING  OM  'I'HE  AERODyNAMIO  PEnFORHAMCU  OF  A  TURBINE  CASCADE 

hy 

0.  KSllen  and  W.  Kosohel 
Institute  for  Jet  Propulsion  and  Turtioniachinery 
Technical  University  of  Aachen 
Templergraben  55,  D-5100  Aachen 


SUMMARY 


The  aerodynamic  performance  of  a  film  cooled  turbine  cascade 
:  for  a  typical  design  with  multiple  rows  of  cooling  holes  has  ; 

been  investigated  in  an  annular  cascade  rig  with  air  at  room  - 

temperature.  The  work  was  concentrated  on  the  individual  effect 

of  the  injection  row  position  on  the  aerodynamic  cascade  losses  -  I 

and  on  the  downstream  flow  field.  For  6  different  single  row 

configurations  the  tests  were  conducted  in  a  wide  range  of  ) 

varying  coolant  mass  flow  rates  and  main  stream  Mach  numbers. 

Typical  results  of  these  measurements  are  presented  and  dis¬ 
cussed.  Three  models  for  the  aerodynamic  loss  prediction 
based  on  different  theoretical  approaches,  which  are  known  from 
literature,  have  been  examined  and  improved.  The  presented  two 

mixing  layer  models  take  into  account  the  penetration  of  the  1 

injected  cooling  air  into  the  main  stream,  whereas  the  third 

model  predicts  flow  losses  by  a  boundary  layer  calculation  with  i 

I  film  cooling  air  injection.  Some  tests  with  flow  visualization  ! 

by  Sohlieren  photography  have  been  carried  out  showing  the  I 

■  mixing  effects  of  the  injected  coolant  flow.  Finally  results  of 

!  the  predicted  performance  are  compared  with  the  experimental  ' 

j  data. 


I  NOMENCLATURE 

A  area 

e  velocity 

c  specific  heat 

d^  trailing  edge  thickness 

I  111  mass  flow 

t  M  Mach  number 

j  N  number  of  cooling  holes 

p  static  pressure 

.  p,  ambient  pressure 

Pg  base  pressure 

radius 

s,  cooling  hole  diameter 

temperature 

Yj,  coolant  mass  flow  ratio 

a  flow  angle 

boundary  iayei-  displacement  thioknes; 
!  5p  boundary  layer  momentum  thickness 

I  6j.  bou-  lary  layer  enthalpy  thickness 

5  C"  ene  gy  loss  coefficient 

I  K  specific  heat  ratio 

'  1.  INTRODUCTION 


p  density  i 

V  circumferential  coordinate 

ipj  pitch  angle  at  mean  diameter 

Subscripts 

a  axial  direction  ! 

D  pressure  side 

K  coolant  flow 

m  mixed 

ML  miring  layer 

M  aftermixed  state 

s  isentropio 

S  suction  side 

t  stagnation  condition 

te  trailing  edge  i 

u  circumferential  direction  ] 

Superscripts 

-  averaged  value  : 

*  critical  state  I 


The  film  cooling  technique  has  become  common  for  both  stator  and  rotor  blades  in  high-  r 

temperature  turbines  in  the  last  years.  Due  to  the  high  stress  levels  in  these  components  - 

rows  of  discrete  holes  arranged  along  the  blade  surface  are  used  rather  than  slots  to 

eject  the  cooling  air.  A  lot  of  work  has  been  spent  on  the  investigation  of  film  cooling  j 

effectiveness  concerning  single  and  multiple  row  configurations  [l,  2,  },  I)].  Some  papers  | 

have  been  published  dealing  with  the  effect  of  cooling  flow  injection  on  the  aerodynamic  J 

performance  of  i.  irbine  cascades  with  film  cooling  [5,  6,  V,  8]  .The  present  work  extends  ^ 

the  study  to  the  individual  effects  of  the  in.jection  row  position  along  the  blade  sur- 

face  and  of  the  coolant  mass  flow  rate  on  the  cascade  aerodynamic  performance.  The  film  5 

cooling  row  arrangement  on  the  turbine  blade  is  based  on  a  typical  industrial  design.  S 

The  loss  characteristics  cV  6  different  single  row  configurations  derived  from  the  full  3 

film- cooled  blade  have  been  investigated  for  a  viide  range  of  main  stream  Mach  numbers  i 

in  an  annular  turbine  cascade.  Measurements  of  the  flow  angle  and  the  pressures  were  ta-  a 

ken  at  the  cascade  exit  in  order  to  analyze  the  influence  of  the  local  film  cooling  air  J | 

injection  on  the  downstream  flow  field.  Additionally  some  visualization  tests  using  »  i 

Schlieren  photography  have  been  carried  out  with  the  purpose  to  get  a  better  understan-  |  '■ 

ding  of  the  mixing  process  between  the  injected  cooling  air  and  the  main  flow.  The 

observed  flow  phenomena  support  the  idea  of  Hartsel  [5T>  who  introduced  a  mixing  layer  i 

model  for  aerodynamic  loss  prediction.  Since  his  model  is  limited  to  the  case  of  an  in-  1 


compressible  and  inviscid  flow,  an  improved  theoretical  approach  has  been  developped 
considering  the  compressibility  of  Phe  flow  and  the  boundary  layer  effects,  Furthei’on 
a  comparison  is  made  with  the  theory  of  Crawford,  Kays  and  Moffat  [9],  which  has  been  mo- 


.W-2 


dified  for  the  present  study  in  such  a  manner  that  partial  penetration  of  the  injected  coolant 
flow  into  the  main  stream  is  admitted.  The  results  for  the  cascade  losses  predicted  accor¬ 
ding  to  the  different  theories  are  finally  compared  with  the  experimental  results  for 
some  single  row  configurations. 

2.  APPARATUS 


2.1  FII.M  COOLING  COKFIGLRATIONS 

The  experimental  investigation  has  been  carried  out  for  a  given  design  of  a  typical  film 
cooled  guide  vane.  The  arrangement  of  the  cooling  row  positions  along  the  blade  surface 
is  shown  in  Pig.  1.  Number,  diameter  and  inclination  angles  of  the  cooling  holes  can  be 
drawn  from  this  figure.  Rows  A  and  B  are  staggered.  The  front  and  the  rear  coolant  mass 
flows  are  separately  controlled.  The  design  cooling  mass  flow  ratio  is  fixed  to  'i%  at  a 
cascade  exit  Mach  number  of  -  0.8. 

The  6  different  single  row  configurations  which  have  been  manufactured  and  tested  separa¬ 
tely  are  shovin  in  Fig.  2.  Size  and  arrangement  of  the  cooling  holes  are  derived  from  the 
ful*-rilin-cooled  vane. 


2.2  TEST  RIG 


The  tests  were  conducted  in  an  annular  turbine  cascade  rig  shown  in  Fig.  3.  Details  of  the 
coolant  air  supply  and  the  probe  positions  can  be  seen  in  the  sectional  view  of  the  ex¬ 
perimental  set-up.  Flov;  measurements  are  taken  at  fixed  probe  positions  by  shifting  the 

guide  vane  support  in  the  circumferential  direction.  The  test  rig  is  supplied  by  compressed 
air  at  room  temperature  level. 

The  main  dimensions  of  the  turbine  cascade,  the  characteristic  data  of  the  blade  geometry 
and  the  axial  positions  of  the  measuring  planes  are  shown  in  Fig.  A. 

The  exit  Mach  ncmber  of  the  main  flow  has  been  varied  between  M  ,  =  O.'l  and  M..,  =  l-O- 

For  the  full-film-cooled  configuration  the  overall  coolant  mass^flow  rate  was^kept  con¬ 
stant  for  all  tests.  Variations  for  this  case  were  only  made  by  partitioning  the  front 
and  the  rear  coolant  flows.  During  the  tests  with  the  6  different  single  row  configurati¬ 
ons  the  coolant  mass  flow  ratio  has  been  changed  between  =  0?  and  about  1.5!?. 

The  visualization  tests  have  been  performed  in  a  plane  cascade  rig  instruiriented  with  a 
Schlieren  optical  apparatus.  Carbondioxyde  was  injected  through  the  film  cooling  holes 
in  order  to  provide  a  mass  flux  ratio  of  the  coolant  flow  to  the  main  stream  similar  to 
that  in  a  high-temporature  turbine. 

3.  EXPERIMENTAL  RESULTS 


The  aerodynamic  performance  reported  herein  is  calculated  from  the  measured  values  of  the 
t  ital  pressure,  the  total  temperature,  the  static  pressures  and  the  flow  angle  taken  in 
tl  c  exit  plane  and  from  the  measured  coolant  temperature  and  flow  rate.  The  calculation 
of  the  blade  energy  loss  coefficient  is  based  on  the  determination  of  a  hypothetical  state 
where  the  flow  has  mixed  to  a  circumferential  uniform  condition.  The  conservation  equa¬ 
tions  have  been  applied  to  an  annular  sector  control  volume  to  obtain  this  so-called 
aftermixed  state.  The  use  of  the  aftermi.xed  blade  energy  loss  coefficient  is  prefered 
herein  because  it  is  theoretically  independent  of  the  axial  measuring  location  and  there¬ 
fore  well  suited  for  comparison  reasons.  Tt  should  be  noted  that  the  aftermixed  energy 
loss  coefficient  comprises  the  blade  profile  viscous  loss  and  the  mixing  losses.  The  ener¬ 
gy  loss  coefficient  is  defined  as  the  ratio  of  the  actual  aftermixed  kinetic  energy  to 
the  sun  of  the  ideal  aftermixed  kinetic  energies  of  both  the  primary  and  the  coolant 
flows. 
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Additionally  an  aftermixed  total  pressure  loss  coefficient  is  used  according  to  the  defi¬ 
nition  given  by  Goldman  fS]  . 


(2) 


data  obtained  during  the  tests  makes  it  necessary  to  select 
v;ill  be  discussed  in  the  present  paper.  In  Fig.  5  the 
the  measured  f;tOV,’  angle  and  the  total  pressure  coefficient 
in  the  exit  plane  are  shov/n  for  the  tv;o  single  row  configurations  B  and  C.  The  results  in¬ 
dicate  that  the  local  value  of  the  flow  angle  is  slightly  influenced  by  raising  the  coolant 
mass  flow  ratio  at  a  constant  Mach  number,  whereas  the  averaged  cascade  exit  flow  angle 
will  be  nearly  unaffected.  The  pattern  of  the  total  pressure  coefficient  shows  a  strong 
dependency  of  the  coolant  mass  flov;  variations  for  both  configurations.  Similar  results 
have  been  obtained  for  the  other  tested  single  row  configurations. 
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The  great  amount  of  experimental 
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Ill  Fig.  6  the  total  loss  coetTicient,  defined  by  equation  (2)  is  plotted  versus  the  coolant 
mass  flow  ratio  at  two  difforont  Mach  numbers  for  the  configurations  B  and  E.  The  adverse 
tendencies  observed  by  comparison  of  these  tvjo  curves  cannot  only  be  explained  by  the  dif- 
I'erent  location  of  the  cooling  flow  Injection.  Probably  there  may  be  a  further  effect  due 
to  the  differences  of  the  ihclinatioh  angles  of  the  corresponding  cooling  holes.  Results 
of  the  experiments  show  the  general  behaviour  that  the  film  cooling  air  injection  at  the 
leading  edge  region  leads  to  higher  total  pressure  loss  coefficients  for  increased  coolant 
flovi  rate;;.  For  the  other  cases  of  cooling  row  positions  as  well  on  the  suction  side  as 
on  the  pressure  side  it  was  found  that  after  reaching  a  maxif.um  value  at  lov)  blowing  rates 
the  total  pressure  loss  coefficient  decreases  at  higher  coolant  mass  flow  rates. 

The  full-fiim-oooled  guide  vane  has  been  investigated  for  different  portions  of  the  front 
and  the  rear  coolant  mass  flow  rates.  Herein  the  overall  cooling  air  flow  ratio  was  kept 
constant  at  3i5.  The  effect  of  these  variations  on  the  total  pressure  loss  coefficient  and 
on  the  energy  loss  coefficient  are  shown  in  Fig.  7.  From  these  result  it  can  be  deduced 
that  a  correct  pai-titioning  of  the  coolant  flow  may  contribute  to  a  good  aerodynamic  cas¬ 
cade  performance.  For  this  evaluation  the  energy  loss  coefficient  should  be  used  as  the 
criterion  rather  than  the  total  pressure  loss  coefficient  because  it  balances  the  kinetic 
energies  of  both  the  main  flow  and  the  injected  coolant  flow. 

t.  PREDICTION  METHODS  AND  RESULTS 

Only  a  few  theoretical  studies  on  the  effect  of  coolant  injection  on  the  aerodynamic  losses 
of  film  cooled  turbine  cascades  have  been  published  in  the  literature.  Tabakoff  and  Hamed 
[6]  considered  the  effect  of  coolant  injections  on  the  boundary  layer  growth  assuming  that 
the  coolant  flow  is  completely  imraerged  into  a  two-dimensional  boundary  layer.  Crawford, 
Kays  and  Moffat  [5]  presented  a  computer  code  which  enables  to  solve  the  two-dimensional 
boundary  layer  equations  including  coolant  ejection  into  the  boundary  layer.  Herein  the 
assumption  is  also  made  that  the  coolant  flow  mixes  completely  with  the  boundary  layer 
flow . 


From  measurements  and  calculations  it  becomes  evident  that  the  profile  boundary  layer  of 
the  high-turning  guide  vanes  is  very  thin  as  compared  to  the  size  of  the  cooling  holes 
which  are  realized  in  the  industrial  design.  Therefore  it  is  supposed  that  only  a  small 
portion  of  the  injected  cooling  air  flow  remains  vjithin  the  boundary  layer.  Results  of 
the  visualization  tests  performed  with  the  6  different  single  row  configurations  support 
this  presumption.  In  Fig.  8  a  Schlieren  photograph  is  shown  for  a  test  run  with  configu¬ 
ration  B  at  a  exit  Mach  number  =  0.8  and  a  mass  flux  ratio  of  about  1.0.  The  pene¬ 

tration  of  the  coolant  jet  into  tnS  main  stream  can  be  seen  very  clearly.  .Similar  results 
have  been  obtained  for  the  other  configurations  tested  at  varying  mass  flux  ratios  and 
exit  Mach  numbers. 


Based  on  those  observations  it  seems  to  be  more  adequate  to  introduce  a  mixing  layer  model 
for  the  loss  prediction  of  turbine  guide  vanes  with  film  coolant  flow  injection  as  pro¬ 
posed  by  Hartsel  [5]  and  modified  by  Ito,  Eckert  and  Goldstein  [6] . 

Following  Hartsel 's  idea  a  so-called  mixing  layer  can  be  introduced  in  which  the  injected 
coolant  flow  mixes  with  a  part  of  the  main  stream  at  the  location  of  the  injection  row,  as 
shown  in  Fig.  9-  Downstream  the  cascade  at  the  aftermixed-state  "H"  a  total  mixing  of  the 
mixing  layer  with  the  remainder  of  the  main  flow  will  be  assumed  by  definition.  The  control 
volume  for  the  constant  pressure  mixing  of  the  injected  coolant  flov;  with  the  main  stream 
used  in  the  mixing  layer  model  is  depicted  in  Fig.  10.  In  extension  to  the  above  mentioned 
theories  the  mixing  layer  model  used  during  the  present  work  accounts  for  compressibility 
effects . 


For  the  prediction  of  the  overall  two-dimensional  cascade  loss  the  boundary  layer  and 
trailing  edge  effects  must  be  included,  A  generalized  analysis  for  the  calculation  of 
two-dimensional  aerodynamic  losses  using  integral  boundary  layer  parameters  was  presented 
by  Goldman  and  Gaugler  [8].  This  method  has  been  refined  considering  the  losses  caused 
by  the  base  pressure  in  the  trailing  edge  region.  The  governing  equations  with  regard  to 
the  control  volume  in  Fig.  10  arc  presented  in  Appendix  A.  The  resulting  aerodynamic  loss 
coefficient  including  the  viscous  losses,  the  trailing  edge  blockage,  the  trailing  edge 
coolant  injection  and  the  base  pressure  effect  is  defined  by  the  equation  as  follows. 

tp  =  1 - 2 - 2 -  (J) 

“is  *  °K  ,te,H 

iti„ 

with  the  abbreviation  ^ 

Herein  Cj,  is  a  function  of  the  integral  boundary  layer  parameters  and  of  the  base  pressure. 
A  brief  derivation  of  equation  (})  is  given  in  Appendix  A.  Tlie  integral  boundary  layer  pa¬ 
rameters  used  to  determine  the  energy  loss  coefficient  have  been  calculated  with  the  STAN5 
computer  program  [lOj . 

The  nev;  concept  for  the  overall  loss  prediction  developped  during  this  investigation  is 
based  upon  the  assumption  that  the  foregoing  described  losses  can  be  superimposed  to  the 
losses  produced  in  the  mixing  layer.  From  the  detailed  loss  analysis  of  tlie  mixing  layer 
the  following  expression  for  the  loss  coefficient  at  the  aftermixed  state  can  be  obtained: 
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The  ideal  coolant  velocity  is  derived  by  assuming  an  isentropic  expansion 
flow  from  the  location  of  the  injection  to  the  aftemiixed  station  "M". 
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The  mixing  layer  modeling  is 
Thus  the  overall  energy  loss 


presented  in  detail  in  Appendiy.  B. 
ooetficient  can  be  determined  by  summing  up 
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By  evaluating  the  boundary  layer  parameter  the  question  arises  how  the  boundary  layer  is 
affected  by  the  coolant  flow  injection.  Two  opposite  views  of  this  problem  are  found  in 
the  literature.  Ito,  Eckert  and  Goldstein  [7]  neglected  the  influence  of  the  coolant  in¬ 
jection  on  the  boundary  layer  development  whereas  other  in /estigatons  assui..ed  a  total 
merging  of  the  cool.ant  flow  into  the  boundary  layer.  In  the  latter  case  the  bcundary  layer 
will  be  thickened  which  results  in  higher  frictional  losses.  In  the  present  paper  two  dif¬ 
ferent  approaches  have  been  applied  to  the  calculation  of  the  integral  boundary  layer  pa¬ 
rameters  for  the  suction  aide.  For  the  first  one,  which  is  called  "Theory  I",  the  assump¬ 
tion  is  made  that  the  boundary  layer  becomes  turbulent  at  the  location  of  the  coolant  in¬ 
jection.  In  the  second  case  ("Theory  II")  the  influence  of  the  injected  airflow  on  the 
boundary  layer  development  has  teen  neglected  and  the  transition  point  has  been  determined 
using  conventional  criteria. 

The  third  loss  prediction  model,  which  is  denoted  as  "Theory  III",  is  based  on  the  STAKCOOL 
coiiputer  progj'sm  |9l.  The  injection  model  used  in  this  program  has  been  modified  in  oixler  tt.  talce  eccount  for 
a  partial  penetration  of  the  coolant  flow  into  the  main  stream. 

The  overall  energy  loss  coefficients  have  been  calculated  foi’  the  6  tested  sineie  row  con¬ 
figurations  following  the  3  different  loss  pi’ediotion  methods.  The  results  are  shown  in 
Fig.  12,  Fig.  13  and  Fig.  14  for  the  configurations  A,  B  and  E  respectively.  The  cooling 
injection  rows  are  located  for  these  configurations  along  the  profile  suction  side.  The 
predicted  losses  are  compared  with  the  corresponding  experimental  data.  It  can  be  seen  from 
the  plots  of  the  overall  energy  loss  coefficient  versus  the  coolant  mass  flo;  rate  that  the 
looses  at  high  blowing  rates  will'be  overestimated  if 'Theory  IIT' is  applied,  .'his  result 
implies  that  despite  the  modification  of  the  injection  model  the  por'..ion  of  the  coolant 
flow  forced  to  remain  within  the  boundary  layer  is  too  high.  This  fact  leads  to  blowing- 
up  of  the  boundary  layer  and  consequently  to  increased  losses.  Eopeoially  for  the  configu¬ 
ration  E  with  coolant  injection  near  the  stagnation  point,  where  the  boundary  '.s  '.usually 
very  thin,  this  effect  becomes  more  evident. 

Hie  best  agreement  with  experiment  is  optained  if  the  overall  energy  loss  coefficient  is 
predicted  by  using  "Theory  I".  This  statement  is  valid  for  all  investigated  test  ca^es. 
Since  "Theory  II"  does  not  account  for  the  influence  of  the  cooling  air  injectio.i  on  the 
boundary  layer  development,  the  viscous  losses  and  thus  the  overall  loss  coeffioien,';  .i’l 
be  underestimated. 


5.  CONCLUSIONS 

Results  of  detailed  flow  measurements  carried  out  on  turbine  cascades  witli  different  film 
cooling  hole  arrangements  at  varying  coolant  mass  flow  rates  and  main  stream  Mach  numbers 
are  presented  and  discussed.  It  turned  out  that  the  averaged  cascade  exit  flow  angle  is 
not  affected  by  the  film  cooling  air  injection.  Different  tendencies  in  the  total  pressure 
loss  coefficient  versus  the  coolant  mass  flow  rates  wes*e  observed  for  front  and  rear  film 
cooling  row  locations.  As  shown  by  the  results  obtained  for  the  guide  vane  with  full  film 
cooling  the  partitioning  of  the  coolant  mass  flow  can  be  optimised  as  regard  to  the 
overall  aerodynamic  cascade  performance. 

From  the  theoretical  analyses  it  can  be  concluded  that  the  best  approach,  for  the  overall 
energy  loss  prediction  in  comparison  to  the  experimental  results  will  oe  achieved  by 
superimposing  the  mixing  layer  model  and  the  integral  boundary  layer  calculation  method. 
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Pig.  1:  Pully  film  cooled  turbine  guide  vane 
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APPENDIX  A 

AERODYNAMIC  LOSE  COEKKICIEMTS  IN  TERMU  OF  BOUNDARY-LAYER  PARAMETERS 

In  oi’der  to  obtain  tho  aerodynamic  loss  coefficient  at  station  "M"  the  afterraixeU  condi¬ 
tions  have  first  to  be  determined  in  terms  of  the  boundary- layer  parameters  at  station  "1" 
(see  Fig.  il).  TTie  conservation  of  mass,  axial  and  tangential  momentum  and  energy  between 
stations  "l"  and "M"results  in  the  following  equations  if  the  static  pressure  p.  and  the 
exit  angle  are  considered  to  be  constant  in  the  circumferential  directionT 

Mass  conservation 
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introducing  the  dimensioneless  boundary-layer  parameters: 
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the  simplified  consei'vation  equations  can  be  obtained  as  follows: 
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From  the  definition  for  the  critical  Mach  number  and  the  expression  for  the  critical  ve¬ 
locity  in  a  perfect  gas 

V.#  c 

M  =  -rw 

C^ 
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we  get  the  axial  and  tangential  components  of  the  critical  exit  Mach  number  at  station 
"M"  from  the  equations  a8  to  All: 


1,a  ■  K  +  1  *  *"  ' 
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where  is  P  p  v-ji  5 

T--  '1-  ^  cls^ 

to 


b'  -M  Y 


•  — ii-  ♦  — —  (l-{  )•  (1-  -—  ) 

Pto  2k  Ve'  <41  cls^ 


tM 


Tl  •  costtj  • 


Tp— T2*3ina,*co 
to 


tM 


^«l-«*'cls^'i-  ^  •  --§7-  'If 
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Then  the  critical  Mach  number  at  station  "M”  can  be  calculated  by 


iiuiiikJVi  u 

/  2  2  ' 

‘m  =/'"•  M.a  *  M,u 


(All!) 


The  temperatur'-  ratio  used  in  the  expressions  C  and  D  can  be  determined  by  the 

combi  natioi;  of  equations”A8''Snd  All. 
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The  conservation  equations  have  been  solved  in  a  similar  method  as  given  by  L.J.  Goldman 
and  R.Li.  OHugler.  The  present  theory  take  into  account  the  fact  that  at  thick  trailing 
edgt'B  the  pressure  downstream  the  trailing  edge  may  differ  considerably  from  that  in  the 
t  free  stream.  Tiius  the  base  pressure  terms  in  the  axial  and  tangential  direction  are  added 

L  to  the  momentum  equations. 

The  energy  loss  coefficient  can  be  calculated  from  the  following  equation 

4. 
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APPliNDIX  B 

The  calculation  method  for  the  mixing  process  between  the  coolant  flovj  injected  into  the 
mainstream  at  various  locations  at  the  blade  profile  with  the  main  fluid  is  briefly  des¬ 
cribed. 

The  following  as.sumptions  are  made 
la)  Prietion  is  neglected, 

(b)  Coolant  and  mainstream  fluid  are  perfect  gases, 

(c)  Coolant  and  mainstream  fluid  have  the  same  specific  heats  independent  of  temperature, 

(d)  The  inlet  total  pressure  p,  and  the  static  pressure  at  station  1  are  not  influen¬ 
ced  by  the  coolant  injeotiSn, 

(e)  The  mainstream  velocity  at  the  location  of  injection  before  mixing  takes  place  is  not 
influenced  by  coolant  injection. 

The  mixing  process  in  the  mixing  layer  is  considered  to  be  a  constant  pressure  mixing 
process.  Fig.  10  sketches  this  mixing  process  at  constant  pressure  in  a  one-dimensional 
channel.  The  conservation  equations  can  be  written  as 
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and  solving  the  equations  HI  to  13}  gives  the  aftermixed  exit  Wach  number  as  follows 

-  (B7) 
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The  total  pressure  loss  p,  /p.  than  can  o  determined  by 
‘  '^tm  ‘  t" 
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The  mixing  pnoeess  downstream  the  blade  row  between  the  mixing  layer  and  the  unaffected 
mainstream  is  sketched  in  Fig.  9.  The  equations  of  conservation  can  be  written 

in^d-o)  ♦  0  .  =  Dj,  .  c^,  .  (B9) 

^'''o  *'  '*'k^  ■  '  rt'o(l-a)  •  Cj;.  -  ■  Cj^^^  =  ^Pi"Pm^  *  (BIO) 

(oMli^^it,^)  •  •  Tj.j_j  (Oil) 

Where 

‘^po  ■  ‘^pl  ‘  °pM  ‘  *1  *  "h 

and  a  is  the  ratio  of  the  mass  flow  of  the  fluid  in  the  mixing  layer  approaching  the  blade 
row  to  the  total  mass  flow  in  the  mainstream. 


Rearranging  and  solving  the  equations  B9  to  Ell  gives  the  aftermixed  velocity  c^^  to 
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The  aftermixed  total  temperature  Tj.j^  can  be  determined  by 

T.. 


T. 
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Alii-  .  .p  > 

1  +  Yj^  to  1  +  Y,^ 
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The  quantities  T..,,  and  c.  in  the  equations  B12  to  B13  can  be  calculated  using  the 
procedure  for  constant  preisare  mixing  developped  above.  The  static  pressure  in  the  after- 
mixed  station  "M"  can  be  obtained  by 

2,..  .s  R.(l+Y„)-m„ 

(Bit) 


Pm  "  ( 


dM 


'M 


(k-1)  . 
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Thus  the  energy  loss  coefficient  C.  due  to  mixing  of  the  coolant  flow  with  the  mainstream 
can  be  calculated  from 


:  1 
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where  C|^  is  determined  by 
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RAsumA 


Cette  fitude  est  abordAe  uniquement  du  point  de  vue  aSrodynamique  et  a  pour  objet  de 
definir  let  eh'fets  d'un  Acoulement  tridlmensionnel  sur  un  jet  plac£  en  incidence  et  en 
dSrapage.  La  trajectoire,  la  Vitesse,  les  dimensions  du  jet  sont  dAterminSes. 

Sur  le  plan  experimental,  dea  mosures  de  pression  et  de  vitesse  sont  r6alis6es.  La 
mesure  d'un  coefficient  d '  interniittence  du  jet  au  moyen  d'un  systferae  de  detection  par  fil 
chaud  perraet  de  caract6riser  la  trajectoire  et  la  forme  de  celui-ci. 

Les  rdsultats  experimentaux  montronh  que  la  trajectoire  du  jet  est  peu  influencSe 
par  I'angle  de  ddrapagc  pour  les  rapports  de  quantitAs  de  mouvement  utilises. 

Sur  le  plan  thdorique,  une  mfithode  intSgrale  de  calcul,  bas€e  sur  1 ' utilisation  des 
Aquations  de  continuitfi  et  de  Navier-Stokes  moyennAes  sur  la  section  transversale  du  jet 
est  employee.  D' autre  part,  la  vorticitfi  longitudinale  g6n6r6e  dans  le  jet,  d6termin6e 
par  une  Aquation  de  transport  et  1 ' introduction  d'un  effet  "puits"  permettent  de  calculer 
les  vitesses  transvcrsales  induitcs. 

La  confrontation  entre  les  rAsultats  du  calcul  et  de  I'expferience  indique  un  accord 
satisf  aisant. 


Suromaty 

The  objective  of  this  paper  is  to  define,  the  interaction  effects  between  a  jet 
introduced  from  the  side  wall  and  the  3-d  secondary  flow  of  a  turbine  inlet  guide  vane. 

Only  aerodynamical  effects  are  studied.  The  trajectory,  velocity  and  caracteristic 
lengths  of  the  Jet  arc  determined. 

The  experimental  work  gives  the  measurements  of  pressure  and  velocity.  The  measu¬ 
rement  of  an  intermittence  coefficient  with  a  hot  wire  allows  also  the  definition  of  the 
trajectory  and  the  shape  of  the  jet. 

Experimental  results  show  that  the  jet  trajectory  is  weakly  influenced  by  yaw  angle 
of  the  hole  for  the  ratio  of  momentum  quantities  used. 

Theoretical  prediction  is  done  with  the  help  of  an  integral  calculation  method  based 
on  the  use  of  continuity  and  Navier-Stokes  equations  averaged  on  the  transverse  section 
of  the  jet.  The  streamv;ise  vorticity  generated  in  the  jet  and  predicted  with  a  transport 
equation,  and  the  introduction  of  a  sink  effect  allow  the  computation  of  the  induced 
transverse  velocities.  Experimental  results  and  calculated  quantities  are  in  a  good 
agreement. 
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I.  INTRODUCTION 

li’auqmentation  des  performances  a^rotherroodynainiques  d’une  turbomachine  ndeessite 
de  disposer  d'un  certain  nombre  de  mdthodes  de  calcul  capables  de  prendre  en  considferation 
X' ensemble  des  ph^nomenes  physiques  rencontrds.  Dans  cette  optlque  la  comprehension  des 
ph^nomdnes  associ4s  aux  dcoulements  secondaires,  provoqufes  par  le  dfiveloppement  dans  une 
roue  mobile  ou  fixe  des  couches  limites  aur  le  moyeu  et  sur  le  carter  de  la  machine,  est 
un  des  points  clef  du  probl^mu.  ceLLe  4tude  aborde  Ics  interactions  des  6coulements  sscon- 
daires  avee  dos  Scoulements  de  ref roidissemont.  En  effet,  pour  le  cas  des  turbines  5  gaz, 

1 ' accroissemont  dos  performances  peut  9tre  obtenu  en  utilisant  des  temperatures  en  entree 
dc  la  turbine  §lev6es.  Un  dispositif  de  rofroidissement  des  aubes  et  des  parols  de  la 
machine  s'avdre  alors  obligatoire.  Ce  ref roidissoment  des  parols  do  la  machine,  constitutes 
par  ie  moyeu  et  le  carter  (ou  plateformes) ,  s'effectue  dans  la  zone  d' influence  des  Scoule- 
ments  secondaires.  Il  est  en  gSnCral  r^alisd  par  injection  discrete  de  fluidc  d  basse 
temperature.  La  presence  de  ces  injections  par  orifices  peut  entrair  ir  des  pertes  a^rody- 
namiques  dans  les  premiers  Stages  dc  turbine  rofroidis.  XI  est  alors  primordial  de  connate 
tre  d'une  part  la  physique  du  dSveloppement  des  jets  dans  un  passage  interaubo  de  turbine 
ct  d' autre  part  de  mettre  en  Evidence  la  modification  du  compor tement  des  ^coulements  sccon- 
daires  en  presence  de  ces  injections.  Deux  aspects  dc  ce  probl^mc  sont  ^  ^tudier,  I'aspect 
tliermique  et  I'aspect  a^rodynamique ,  seul  le  dernier  sera  cons\d6r6  dans  cette  §tude. 

La  premiere  partie  de  ce  travail  est  de  nature  exp6rimcntale.  Une  grille  plane  d'aubes 
dis tributriccs  de  turbine  a  6td  utilisde.  Lo  ddveloppement  des  dcoulements  secondaires  en 
absence  et  en  presence  d' injections  A  la  parol  a  dtd  dtudie  .  Dans  ce  papier,  nous  prdsen- 
teions  particulieremont  Ics  txajectoires  de  jets  i.solds  introduits  scion  diffCrentes  confi¬ 
gurations  (ddbit,  angle  de  ddrapage,  localisation  dans  la  grille)  .  L'ensemble  dos  rdsultats 
rolatifs  5  I’dtude  expdrimentale  dos  dcoulements  secondaires  en  absence  d' injection  est 
prdsentC’  dans  la  r6f6rence  llj.  La  secondc  partie  de  ce  papier  est  de  natvire  thdorique.  Ln 
mdthode  de  calcul  d'un  jet  unique,  introduit  dans  un  dcoulement  tridimensionnel ,  est  pr6- 
sontoe,  Cc'i  constitue  une  premiere  dtape  dans  la  realisation  d'un  calcul  ccmplet  de  1 ' d- 
coulement  dans  une  grille  distributrice  de  turbine  5  gaz  en  presence  d *  inje(^tions  pari6-' 
tales  discretes..  La  methode  utilise  une  decomposition  du  champ  de  vitessc  y  de  I'^coulement 
en  une  partie  y  ,  donn6e  par  la  grille  d'aubes  en  absence  de  jet  et  une  autre  V*™  carac- 
terise  le  jet. 

La  decomposition  prfecGdente  est  introduite  dans  les  6qaations  de  conservation  g^nferales 
qui  sont  ensuite  traitees  en  appliquant  une  sdrie  d'hypothhses  de  type  couche  limite  li^es 
a  la  direction  privil6gi6e  d'ovolution  du  jet.  Les;  Equations  obtenues  sont  int^gr^es  dans 
la  section  transversale  du  jet  pour  aboutir  a  une  formulation  intdgrale. 

Avant  d'abordor  cos  divers  points,  nous  allons  donner  une  description  qualitative  des 
phC’nomones  observes  dans  un  jet  introduit  en  incid«snce  et  derapage  dans  un  6coulement  ext6- 
rieur  tridimensionnel. 

il.  PllYSlQUli:  DU  DEVELOrrEMENT  D'UN  JET  INJECTE  DANS  UN  ECOULEMENT  TRIDIMENSIONNEL 

Un  jet  inject^  A  partir  d ' une  paroi  dans  un  dcoulement  bi  ou  tridimensionnel  peut  etre 
decomposd  en  trois  zones  : 

.  Une  premiere  zone  dite  "a  potentiel”  a  proximitd  immediate  de  I'orifice  (de  1  A  quelques 


•lO-.H 


diamtities)  .  F.llc  out  caract6ris6e  par  un  noyau  au  scin  duquel  la  pressi.on  d'arrfit  reste 
Constanta  et  oO  il  se  cr6e  uno  vorticitS  important^  sur  la  p6riph6rie  sous  forme  de  Lour- 
billons  organises. 

.  Uno  zone  intcrm^diairc ,  zone  de  melange  et  d* interaction  forte  avec  I'Scoulement  ext§- 
rieat  .  Les  structures  tourbillonnaires  formees  vont  s'adapter  A  I'^coulement  extSrieur  puis 
^voluer  vers  leur  destruction.  Le  jet  va  s^allgner  avec  l'6coulement  extorne. 

.  Uno  Zone  61oign6e  du  jet  (10  5  30  diam^tres)  o(i  la  vitosse  moyenne  dans  Ic  jet  est  prati- 
queroent  <5gale  h  celle  de  1  * ecoulcment  ext6rieur. 

Trois  effets  importants  r^gissent  la  dynamlque  du  jet  (Figure  1) . 

Les  effets  de  trainee 


La  zone  proche  de  1' orifice  du  jet  a  6tudi6e  en  d6tail  par  Moussa  et  al.  1 2 ] ,  Au 

niveau  de  I'oiifice,  le  jet  se  comporte  coitm\e  un  corps  solide  souple.  Moussa  et  al.  ont 
montr^  ainsi,  que  1 ' CcouXement  transversal  ext^rieur  ^  un  jet  rond  subissait  une  dfec^l^ra-^ 
tion  tres  similaire  5  celle  ressentie  autour  d*an  cercle  ou  d'une  ellipse  pour  le  cas  d'un 
jot  rond  en  incidence.  En  aval  du  jet  se  d6voloppe  un  sillage,  Cclui-ci  est  sous  certains 
asp>.»cts  tr^s  semblable  celui  6mis  en  aval  d'un  cylindre  solide^  en  particuliec  les  fre¬ 
quences  d' Emission  des  tourbillons  de  Karman  sont  identiques  dans  les  deux  cas  pour  un  m^me 
fecoulcment  extern©.  La  presence  du  sillage  en  aval  du  jet  introduit  au  niveavx  du  jet  une 
difference  de  pression  statique  entre  les  faces  amont  et  aval  du  jet,  que  I'on  peut  associer 
globaloment  ^  une  force  de  trainee.  Sous  Inaction  de  cette  trainee,  le  jet  va  alors  se  cour- 
ber.  La  nature  particuliere  du  jet,  par  rapport  <k  un  corps  solide  souple  Equivalent,  va 
alors  se  manifester,  des  1 ' app<*rition  de  cette  courbure,  par  la  mis©  en  rnouvement  de  zones 
tourbillonnaires  dans  le  jet  lui-mSme  [1). 

Effet  les  tourbil Ions  contrarotatif s 

Une  des  caractferistiques  fondawentales  de  1  *  interaction  de  1 'Ecoulement  extErieur  et 
du  jet  est  1' apparition  de  deux  tourbillons  contrarotatif s  dans  le  jet.  Ceux-cr  ont  ure 
trajectoire  situde  sous  le  vent  du  jet  et  prEsentent  une  structure  organlsEe.  Le  processus 
de  prcduc^tiou  tourbillonnaire  est  liE  i’existence  de  gradients  de  vitesse  transversaux  du 
type  ^  '  ^  et  d'une  certaine  deiClexion  du  jet  sous  I’influenee  de  I'Scoulement 

extfirieur  traduite  par  les  courbures  Ksk  ,  et  »  Le  mEcanisme  de  production  tourbillon- 

naito  est  par  aiileurs  tout  a  fait  similaire  celui  qui  preside  a  I 'apparition  des  tour¬ 
billons  de  passage  dans  une  grille  d'aubes  (Leboeuf,  NaviEre  [J],  Ollivier  [41).  Par  leurs 
moments  cin#tiques  resyectifs,  les  tourbillons  aux'ont  tendance  &  rigidifier  Le  jet,  s'oppo- 
sant  ainsi  ^  la  ddfloxlon  qui  les  a  crEEs. 

Effets  d'entrainements 


Le  debit  mosurE  au  travers  de  diffErentes  sections  du  jet  augmente  de  1' amont  vers 
I'aval.  Cette  augmentation  parait  Stre  due  ft  deux  phEnomEnes,  I'un  lid  ft  la  diffusion  tur- 
bulente  transversale  du  jet  que  l*on  peat  rapprocher  de  I'effet  d'entraSnement  dans  un  jet 
monodimensionnel ,  1' autre  liE  ft  un  effet  potentiel  caractErisant  la  captation  des  lignes 
de  courant  de  1 ' Ecoulement  situE  ft  I'extErieur  du  jet.  Cette  captation  peut  se  comprendre 
de  la  fagon  suivante  :  Le  fluide  observE  dans  un  plan  transversal  est  convectE  vers  Is 
centre  du  jet  puis,  entralne  le  long  de  la  trajectoire  5  par  la  vitesse  longitudinals. 

Dana  ce  plan  transversal,  cet  effet  tridimcnsionnel  peut  alors  Etre  modElisE  par  un  puits 
localisE  vers  le  centre  du  jet  (rEf.  141,16],  Figure  1). 

III.  ETUDE  EXPERlMEN'iALE 

III.l.  Les  moyens  d'essais 

Dispositif  oxpErimontal 

L'Etude  a  EtE  rEalisEe  sur  une  soufflerie  de  grille  d'aubes  plane.  La  grille  d'aubes 
est  une  grille  directrice  de  turbine  ft  gaz.  Les  aubages  non  vrillEs  prEsentent  une  envergure 
o  0.?.7'i  m  et  une  corde  c  =  0.163  m  (allongement  e/c  =  1.68)  .  Le  pas  interaube  est 
<j  0.141  m  (rolidite  c/g  -  1.16).  Le  calage  A  coroptE  par  rapport  ft  la  direction  axiale 
est  A  =  41®3U'.  La  grille  est  constituEe  de  9  aubages. 

Un  systems  commandE  par  une  centrale  d'acquisition  permet  de  dEpIacer  une  sonde  dans 
la  veine  d'essais.  La  sonde  est  introduite  ft  I'intErieur  de  la  vein©  nu  travers  de  fontes 
realisEes  dans  la  paroi  en  plexiglacc  opposeo  ft  celle  sur  laquelle  se  dEveloppe  la  zone 

visquGuse  ft  Etudier.  Ces  fentes  sont  paralleles  au  front  de  grille  (Figure  2).  Elies  dEtei- 

minont  les  stations  de  mesure. 

Le  d ispositif  > I'injectjon  utilisE 

Trois  posi tionnements  differents  du  jet  dans  le  passage  interaube  ont  6tE  EtudiEs 
(Figure  2).  Lq  premier  (0)  est  situE  au  bord  d'attaque  et  au  milieu  du  passage,  les  deux 
autres  au  niveau  du  col  entre  les  fentes  U  et  9  I'une  a  0,026  m  de  I'oxtrados  (A),  I'autre 

ft  0.020  m  de  I’intrados  (B)  .  Le  diarofttre  de  I'orificc  ost  ,0022  m.  Ti'angle<><b  formE  par 

la  direction  du  jet  en  sortie  avec  le  plan  (X,  Z)  est  -  GO*.  L'orificc  esL  fixe  sur 

une  piece  cylindrique  qui  peut  t<*urner  autour  dc  son  axe  Y  pour  dEEinir  differents  angles 
dans  le  plan  X  -  z.  Les  diftErents  pararaetres  uti  IsEs  pour  cheque  pos i tionnement  do 
jet  sont  presenter  Table  1. 
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Doox  rapports  de  vitesse  ont  6tS  6tudi6s  :  =  C.65  et  Vo/'^eA  =  2.5Q  (oO 

Vex  rcprc'sente  la  vites9<2  locale  dc  1  ‘ ^coulenient  externe  5  la  zone  visquGusc*  ot  oil  \/^ 
reprosonto  la  vitcsse  dObitantc  on  sortie  d'orifice)  . 

1)31  systSme  dc  chauffaqe  du  jet  permet  d'auqmenter  de  S0*C  la  teinp6x*a tore  de  I'air 
injects  par  rapport  a  la  temperature  de  1  ’ 6coulemcnt  daixs  la  grille. 

Mo  yens  cie  mesurc 

Mesuroc  de  press^on  daiia__l^ccoulement 

Les  mesures  de  prossion  sont  r^alis^es  5  I’aide  d'une  suiule  ’*5  trous''  de  type  ’'cobra", 

)g  diam^tre  de  la  t&te  de  sonde  ect  do  .0015  m,  Un  ctalonnage  do  la  sonde  associ6  S  une 
u Li  1  i sa lioi-j  d'une  mdthode  de  zdro  (al icjncmont  de  la  sonde  avec  1 '  Scoulement)  permet  d'ob- 
tenir  les  angles  du  vecteur  vitesse  par  rapport  h  la  grille,  la  pression  d’arret,  la  pres- 
sion  statique  et.  le  module  de  la  vitesse  de  1 ' 6coulement .  Le  champ  a^rodynamique  est  alois 
completeroent  d^fini. 

Mesures  de_ pression  sur  I'aube 

Un  aubage  muni  de  prises  de  pression  statique  (dout  le  nombre  avoisine  1  200)  permet 
de  connaitre  le  clxamp  de  pression  statiqvie  sur  I'aube. 

Detection  thermi^ue  du_jet 

Nous  verrons  qu'il  est  difficile  de  detector  au  moyen  de  la  sonde  de  pression  le  jet 
en  particulier  dan:  le  cas  du  petit  rapport  de  vitesse.  Un  syst&me  de  ddtection  thermique 

a  6t6  mis  au  point.  Son  principe  est  simple.  Le  jet  est  chauffo  ^  une  temperature  d'environ 

50“  au  dcssus  de  la  temperature  de  l*6coulcment  dans  la  grille.  Un  fil  chaud  5  faible  coef¬ 
ficient  de  surchauCfe  est  utilise  comme  thermom^tre.  Le  traitement  du  signal  pris  aux  bor- 

ncs  du  fil  chaud  est  effectud  Olectroniquement.  La  localisation  du  jet  se  r6duit  alors  3 
uno  mesure  du  coefficient  d ‘ intermittence  V  . 

Lc  signal  aux  homes  du  fil  chaud,  amplifid  50  000  h  100  000  fois  et  dont  I'aJlure  est 
prCsentfie  Figure  3,  est  introduit  dans  un  system©  "contrSleur  de  souil"  qui  permet  de  ramc- 
ner  le  niveau  "  froid"  du  signal  A  un  seuil  de  r^fdrence.  On  6vite  ainsi  les  problSmes  de 
derive  de  la  temperature  de  I’air  de  la  soufflerie.  Le  second  ^tage  6Iectronique  est  uti¬ 
lise  on  detection  des  bouff^es  chaudes  issues  du  jet.  On  compare  h  un  seuil  r§glable.  Cn 
sortie,  un  signal  logique  est  obtemt,  de  niveau  0  Volt  pour  le  fluid©  froid  et  5  Volts  pour 
Ic  fluide  ch^»\id  que  I'on  utilise  en  command©  d'un  gfenCrat^r  1  MHz.  Le  comptage  des  impul¬ 
sions  dounc  la  musuro  du  coefficient  d*  intermittence  IT  ,  IP  dtr.nt  alors  Ic  rapport  entre 
la  somme  des  durdes  dea  signaux  5  5  Volts  (correspondant  aux  bouff^es  chau^c.s  du  jot)  ot 
la  durde  total©  de  la  mesure, 

III. 2.  Prdsentaticn  et  interpretation  des  r^sultats  exp^rimentaux 
Conditions  a Orodynamigues  en  amont  de  la  grille 

Q  Lo  nontbre  de  Reynolds  calculi  sur  la  corde  du  profil  et  la  vitesse  amont  esU 

-  Vtyc/'^  =  165  000.  L'epaisseur  de  la  couch<^  limits  sur  les  plateformes  est  voisine 
de  cT  a  0.050  m,  I'dpaissour  de  d^placement  ect  c/i  =  .0043  m  pour  un  facteur  de  forme 
H,t  =  1.34.  Le  coefficient  de  frottemeut  calculc  d  I'aide  de  la  method©  de  Clauser  a  pour 
valeur  C  =  3.5  10"^.  L'angle  ^  fait  par  1 '  ecouleme'  r  avGc  la  direction  axxale  est  voisin 
de  ^  =  0  en  dehors  de  la  couchc  iimite,  II  existe  cepe  Jai'it  un  trSs  lOger  vrillage  de  celle- 
ci  iFicjure  4)  5  proximitd  do  la  parox. 

RopartlLion  do  pression  statique  sue  I’uubage 

Les  repartitions  do  pression  statique  en  absence  d' injection  &  la  paroi,  sont^pr6- 
sentdes  Figure  5  sous  la  forme  d'un  coefficient  de  pression  Cp  "  (  f  -  p*  )/ 

A  I'extrados  une  acceleration  important©  jusqu*^  “X/Cay  =  0.50  existo,  puis  une  decele¬ 
ration  faible  est  present©  jusqu'au  bord  de  fuito.  L’dcart  maximum  des  coeificien's 
entre  I'intrados  et  I'extrado.s  exist©  <\  tlc/Cok.x  “  0.50.  Sur  cette  mDme  figure  sent  c'mpardes 
les  repartitions  de  pression  en  fonction  de  la  position  en  enverguro  des  prises  cU  presuion. 
La  pression  a  I'intrados  n'est  pas  modifiee  en  fonction  de  lo  position  en  enveiguiG,  par 
contre,  5  I'extrados  une  difference  tr^s  important©  est  observ6e.  La  pression  statique 
augmentant  lorsquc  I'cn  se  rapproche  de  la  paroi.  Cette  variation  de  pression  cssentiello- 
ment  due  <1  la  presence  du  tourbillon  de  passage  est  responsable  de  d6fici»:s  de  force 
d’ aubages  17). 

Ces  rdpnrtitions  de  pression  statique  ne  sont  pas  modifi^es  en  presence  des  injections 
utilisdes . 

^ on  au  point  0  avec  un  rapport  de  vitesse  Vo  /  V/tx  -  7-.50  et  sans  derapage  =  0*^ 


Les  courbes  isopression  d'arrSt  montrent  quo  le  jet  est  parfaitement  detect^  au  moyen 
dc  la  sonde  de  pression  pour  les  stations  6,  7,  C.  Un  accroisscmcnt  dn  la  pression  d'arr^t 
e.st  observe  au  centre  du  jet,  il  exist©  eqalement  une  modification  de  la  forme  uos  courhes 
isopression  d'arret.  pres  de  la  paroi,  le  sillago  dc  la  partie  potenti.elle  du  jot  6tant  visi- 
blement  d$tect6  pour  la  station  6  (Figure  6a)  L©  chtunp  de  pression  statique  n'est  que  loca- 
lement  perturbiS,  le  minimum  de  pression  statique  dans  le  jet  correspond  au  maxijnum  de  la 
vitesse  locale  Vj  (Figures  Gb,  6c) .  La  presence  du  jet  est  nettement  distinguee  par 
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observation  des  vooteui s-vitesses  (  )  (Figure  7).  on  note  i.a  tendance  globale  du 

jet  a  tourner  dans  le  m6me  sens  que  1  * ^coulement  sccondaire,  Les  courbes  iso-intermittence 
prfisent^es  Figures  9a  S  Se  montrcnt  que  le  d^veloppement  du  jet  se  fait  avec  une  diffusion 
pratiquement  <5quivalente  dans  les  directions  Y  ct  Z. .  Il  existe  deux  centres  5  fort  coeffi¬ 
cient  d ’ intermittence  J2  .  ces  centres  correspondent  3  des  noyaux  de  fluide  chaud  issu  du 
jet.  Notons  que  le  centre  situ4  pr3s  de  I'intradoa  a  tendance  A  rester  trfec  marqud  vis  a 
vis  de  1' autre.  Fgalement  la  rotation  de  I'axe  reliant  ces  deux  centres  est  assez  pronono^e 
lots  de  I’dvolution  dans  le  passage  tout  en  conservant  une  structure  en  "haricot".  PrAs  de 
la  paroi  existe  une  zone  non  influencee  par  le  jet  dont  I'^paisseur  est  voisine  de  0.005  m, 

CO  qui  peut  s'explicuer  par  la  valeur  initiale  assez  importantc  de  1' angle  d • incidence  b  . 

Le  ddvcioppement  de  1  ’  6coulement  secondaire  ri*est  pas  sensibleinent  influence  par  la  presence 
du  jet,  ce  dernier  pout  &tro  consid6r6  comme  une  perturbation  locale  qui  se  superpose  a  un 
6coulement  principal  obtenu  dans  la  grille  en  absence  d* injection. 

Injection  au  point  0  avec  un  rapport  de  vitesso  Vo  /  =  0.65  et  sans  d^rapage  -  0° 

Le  jet  ne  modifie  pas  sensiblement  lx  repartition  de  pressior  d'arrSt  sauf  trds  prfes 
de  la  paroi  (Figure  0).  Le  champ  de  pression  statique  n'est  pas  modlfi6.  Il  n'est  plus  pos¬ 
sible  de  distinguer  le  jet  autrement  que  par  d6tection  thermique.  Les  courbes  iso- in\ ermit- 
tences  prdsentent  encore  une  structure  de  type  "haricot"  (Figures  lUa,  10b  10c,  lOd) .  La 

diffusion  du  jet  se  fait  de  fagon  privilegiee  dans  le  sens  extrados-intrados  (direction  Z) . 

Lg  rapport  des  largeurs  de  jet  6tant  environ  egal  «  2. 

Injection  au  point  0  avec  un  rapport  de  vitesse  Vo  /  =  0.65  et  un  dCrapage  =  -^5° 

e t  tv  ^  5°  {Figures  11a,  lib,  11c  et  12a,  12b,  12c) 

D^s  qu'un  d^rapage  du  jet  par  rapport  3  I’dcoulement  de  grille  existe,  la  struc  :ure  en 
"haricot"  presentee  par  los  courbes  iso-intermittence  disparatt  ;  ii  semblerait  qu'il 
n'existe  plus  alors  qu'un  scul  centre  organisd.  Il  n'est  malheureusement  pas  possible,  dans  ce 
cas  d'injection,  de  tirer  d<^s  conclusions  precises  sur  les  structures  tourbillonnaires 
issues  de  la  deflexion  du  jet.  Les  niveaux  maximum  du  coefficient  d ’ intermittence  diininuant 
rapidement  vers  I'avai  dans  le  passage.  Les  courbes  iso-intermittence  ont  alors  une  allure 
sim'iairo  3  celles  rencontrfees  dans  un  jet  rond  non  d6fl6chi,  bien  que  la  diffusion  dans  le 
sens  z  soit  encore  nettement  prOpond^rente  par  rapport  3  celle  existunt  dans  le  sens  Y. 

Injection  au  point  A  et  au  point  B 

L' angle  de  ddrapage  a  6t6  choisi  §gal  3  ®  45®  ce  qui  correspond  sensiblement  a  un 

alignemont  do  I'axe  du  jet  avec  i'^couiement  moyen  dans  la  section  d'injection.  Le  rapport 
de  viteose  est  figalement  do  /m-  0.65  oO  Vi^^^est  )a  Vitesse  absolue  moyennfie  dans 

la  section  sur  le  cana.l  intcraube.  Une  diffusion  importantc  peut  §tre  identifi6o  du  c6t§  de 
I'cxtrados  de  I'aubage  pour  chacune  des  injections  (Figures  11,  14), 

Description  des  trajectoires  des  jets 

Le  lieu  d'^s  maxima  du  coefficient  d  *  intermittence  est  trac6  Figures  2  et  15,  Dans  le 
cas  cle  1' injection  au  point  0  pour  un  d6bit  fort  (  Vc/Ven  -  2.58),  le  jet  a  tendance  a  s '  6- 
loigner  de  la  plateforme  on  se  rapprochant  de  I'intrados  par  rapport  au  cas  similaire  3  fai- 
blc  dibit  (  Vo *  0.G5),  Ceci  s*explique  aisiment  par  lu  difference  entre  l*6nc»rgie 
cinitique  du  jet  ^'t  celle  du  fluide  de  I’^coulement  de  grille,  '‘^p'^ndant  pour  les  cas  d*  in¬ 
jection  au  point  0  a  diCferents  angles  de  d^rapage,  la  trajectoire  du  jet  est  peu  influencee 
par  los  conditions  initialed  iinposees  par  cct  angle.  La  comparaison  de  la  position  do  la 
trajectoire  du  jot  avec  c-3llc  des  Xignes  de  coxirant  obtenues  3  I'aide  d'un  calcul  aube  a 
aube  de  I'icoulement  sain  est  fournie  Figure  2.  On  note  une  surdGflexion  de  ces  trajectoires 
par  rapport  aux  lignes  de  courant,  surdeflexion  engendrie  par  la  presence  de  I'icoulement 
secondaire  cree  par  la  grille  elle-m$me,  et  a.ssocii  au  diveloppement  de  la  couche  visqueusc 
par  i(i  talc . 

Dilution  des  jets  dans  I'icoulement  de  grille 

Deux  grandeurs  peuvent  dicrire  la  dilution  du  jet  dans  1  * ecouloinent  de  grrlle.  En  pre¬ 
mier  lieu  la  valeur  du  maxiinum  du  coefficient  d’intermittence  caracterise  la  fagon  dont  le 
noyau  du  jet  se  milange  3  I'ecoulement  principal.  La  dicroissance  de  ce  maximum  est  pratiquo- 
ment  identique  pour  tous  les  jets  i&sus  d'un  mdme  orifice  (Figure  ll>)  ,  F.n  second  lieu,  l*€vo** 
lution  de  la  section  du  jet  dans  le  plan  V-7.  donne  une  iddc  de  la  diffusion  transversale 
du  jet  (Figures  9,  10,  11,  12). 

IV.  LA  METMODi:  UL  CALCUL 

^  Nous  avons  portO  notre  cnoix  sur  une  m^thode  intC-grale,  ceci  pour  des  raisons  de  rapi- 

;jt6  de  calcul  et  de  facility  de  mise  en  oeuvre,  mais  aussi  afin  de  permettre  un  traitement 
r__  ultOrieur  do  plusieurs  rang6es  de  jets  simuItanOment  imrnerg^s  dans  I'ecoulement  tridimen- 

f}  sionnel  existant  dcins  la  grille. 

Nous  d^crirons  dans  la  suite  toutes  les  €tapes  qui  nous  ont  amenCs S  un  systSmo  de  six 
i  Sejuationo  (oontinuitC,  1  Equations  de  quantite  de  mouvement  et  2  dquntior.s  de  production 

tourbillonnaire)  A  six  inconnoes  qui  sont  les  suivantes  : 

;  oxc^s  de  Vitesse  maximum  dans  la  section  du  jet  pour  la  zone  fitablie. 

!  surtace  transversale. 

F 


r.  ,  ri 


angles  def j.n.issant  la  trajectoire  (Figure  1), 

circulations  respectives  des  deux  tourbillons  contrarotatifs 


Dans  la  tione  potentielle,  proximitd  iinm^'diate  de  I'orifice  du  jet,  nous  utiliserons, 
d  la  place  de  ,  une  variable  k.  Celie-ci  determine  la  fraction  de  la  surface  ^  totale 

occupee  par  la  aone  potenticlle  elle*-m6me. 

TV.l.  Equations  g^ndrales 

L  s  unc  forme  conservative,  les  equations  du  mouvement  s'ecrivent  dans  un  repfjre 
fixe  ;  ,  , 

V.  (<  V)=  0 

V.  ( )  =X 


Si  nous  n^gliyeons  les  forces  clc  volume  le  systdme  devient  ; 

v.{^V)-o 
v.(^v®V-^)  =  o 

oCl  est  le  tensGur  des  contraintes  ’  0^=  _px+  5 
<r  comprend  les  tensions  de  Reynolds. 

Les  equations  sont  6crites  pour  un  problfeme  stationnaire  dans  un  repfere  curviligne 
orthogonal  (S,  n,  b)  :  S  est  associfie  S  la  direction  de  la  trajectoire  du  jet  (Figure  J). 
Quelques  hypotheses  apportent  des  simplifications  notables  aux  fiquations,  nous  sup^oserons 
ainsi  que  la  surface  (b,n)  est  plane  (  Ks  =  1)  ;  dgalement,  les  phfinomfenes  de  diffu¬ 

sion  salon  la  direction  S  seront  n^gligds  (  t>5ui/3s  O  )•  Les  Equations  r&sultantes  sont 
exprimdes  en  dfitail  dans  la  rdfSrenoe  I**).  Dans 'ce  qui  suit,  nous  considdrons,  tout  d'abord, 
le  systems  de  base  formd  de  equation  de  continuity  et  des  trois  composantes  de  I'equation 
de  quantity  de  niouveraent. 


IV.  2.  Moyenne  dus  Cquation.s 
La  dScoinposition  du  champ  de  vitesse  : 


(2) 


(3) 


0kArt4^  A,  H  OtL 


ost  introduit«  dans  le  syst^me  de  base,  luio  l<^o  fHiuations  obtenues  sont  simplifiees  par 

1 ' utilisation  d'une  s6ric  de  6  hypotheses. 

lU  :  Lea  rayons  dc  courbures  des  lignes  s  scion  b  et  n  sont  gre^nds  cievant  une  dimension 

caractcristiquc  du  plan  transversal  du  jet.  Les  consc»qU€*nces  do  cetto  hypothfese  sont 
les  suivantes  [4] 

■^Vc  V.  ^ 

"fir 

jii  ^_§- 

H2  :  Le  termo  ‘Sp/'^S  ost  impose  par  1  * ecoulerocnt  extt-rieur  associ6  d  V  . 

H3  ;  Lok  tQns.iopH  do  resistance  H  i  ’ avancoment.  sont  nulles  sur  le  bord  clu  jet,  Cette  hypo- 
thftsG  est  asscz  gro?;siere  (Moussa  cependant  les  termos  corrospondants  seront 

negliges  dans  les  equations  du  mouvement, 

A 

Hi  :  Le  champ  extdrieur  de  Vitesse  v.arie  peu  sur  I'ct.endue  de  la  surface  transversalo 
du  jet. 

^  ;  Hors  du  jet,  la  ooinposante  Vj  ,  s'identifie  a  la  composaiite  Vj  donnSe  par  I'ecoule- 
inent  extt’rieur. 


116  :  De  plus  et  parce  que  seuls  les  phynonfenes  ayrodynamiques  nous  occupent  ici,  nous  suppo- 
serons  que  la  masse  voluiniquo  C  est  intposee  par  1 ' ycoujeinent  extfirieur  et  est  Cons¬ 
tanta  dans  la  section  du  jet. 

Le  systftrae  d' 6quatioii.'i  apr6s  utilisation  de  (2)  et  du  cos  hypotheses  est  intCgry  sur 
I'i'teridue  de  la  surface  transversalo  du  jet.  Nous  obtenons  le  aysteme  suivant  ( 't  J  : 


d'iT 
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L' equation  de  quantity  do  raouvement  scion  n  est  obtenue  en  intervertissant  dans  (dc) 
les  indices  n  et  b,  cette  fiquation  sera  4d. 


et 


Les  courbures  K»k  et  peuvent  s'feotire  directement  en  fonotion  des  angles  "ti, 

1^^141  (inconnues  du  problfeme)  : 

-_d*^b 


Ksb  -. 

ds 

O  s 


(5) 


Le  terme  E(4<i/  4b)  traduit  1  * entrainement  de^  masse  du  fluide  extdrieur  dans  le  jet. 
Notons  la  presence  du  terme  de  fluctuation  qui  modifie  sensiblcmcnt  I'influence 

de  E  sur  I' Evolution  de  ^  .  L' Equation  de  quantity  dc  itiouvcmcnt  selpn  s  (4t>)  ,  admet  plu- 

sieurs  termos  sources  assooids  aux  fluctuations  dc  vitesse  Vb  »  ,  aax  courbure^  K»b  t 

K»/n,  de  la  ligne  S  et  ^  1 '  entralnement  de  quantitd  de  mouvement  du  fluide  ext§rieur  (^S4  O 
Notons  1' absence  des  forces  de  trainee  (hypoth^se  H3) .  Les  Equations  de  quantite  de  mouve- 
inent  selon  n  at  b  comportent  en  plus  une  trainee  qui  est  Isolde  dans  le  second  inembre  de  4c» 
4d.  AjoutC'  aux  termes  pr^c^dents  de  fluctuation  et  d’entrainejncnt  (  E  vj^  )  f  ce  terme  per- 
met  1 '  introduction  dans  le  calcul  du  ph^nomtine  de  courbure  du  jet. 

IV. 3.  Les  relations  de  fGunetures 

a."  Forme  de  la  surface  transversaXe  et  profils  de  vitesse  Vi 

Dans  la  zone  ^tablio^  la  forme  de  la  surface  transvcrsale  est  mod61is6c  par  une  ellipse 
dont  Ic  rapport  du  grand  axe  .sur  lo  petit  axe  est  donn6  par  a/b  =  4.  Le  profil  de  vitesse  Vi 
cut  choisi  par  une  relation  affinu  sur  I’ollipse,  scion  la  loi  suivante  [8]  :  ® 


(6) 


le  petit  axc;  ost  align6  nvec  la  norroale  principale  a  la  trajectoire  ,  le  grand  axe  avec 

le  vecheur  de  torsion  ^  . 

Dans  la  zone  potentieile  le  rapport  a/b  sera  variable  de  fagcn  &  obtenir  une  adaptation 
continue  de  la  forme  du  jet  3  I'orifice  (cercle)  vers  I’ellipse  d ' excentricitfi  4.  Le  profil 
de  vitesse  aura  une  forme  similaii.-  mais  tronqu^e  dans  sa  partie  sup6rieure  1 4]  pour  tenir 
compte  de  I'Stendue  de  la  zone  3  pression  d'arrOt  constante. 

De  ces  difffirents  raodfiles  nous  d6duisons  I'expression  dos  int6graleB  auivantes  14]  : 
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avec  dans  la  zone  etablie 


^oo  "  ^  ^ 
5jo  =  .5833 


(7i.) 

(s) 


et  dans  la  zone  pctentielic 


(9) 


k  est  ime  variable  substitute  A  la 
Cette  variable  vaut  1  initialement 

b.-  La  tratnte 


Soo  ==  ^  *■  ) 

Sjo  =  ■'tl-  +  ^  k")/6(2  +  5  k^) 

variable  principale  Vj  dans  la  zone  potentielle. 
et  s'annule  i  I'extrdmitS  avals  de  la  zone  potentielle. 


I.es  terities  de  tension  et  de  gradient,  de  pression  normaux  3  la  trajectoire  du  jet  (se¬ 
cond  membre  des  Equations  4c .  4d)  seront  Indus  dans  une  force  de  trainee  supposse  dirigde 
selon  la  projection  de  y  dans  le  plan  orthogonal  au  jet  14]  sort  : 
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L'entratneraent  de  fluids  extOrieur  dans  le  jet  a  deux  origines  prinoipales  : 

-  La  premiere  est  liee  3  la  diffusion  turbulente.  L' entrainement  est  alors  proportionnel  au 
pdrim6tro  du  jet  et  3  I'excfes  de  Vitesse  axiale  au  sein  du  jet  [9]  s 

K.,  =  0.137 

-  La  seconde  est  liOe  3  I'effet  de  trainee,  en  consldSrai.t  la  presence  d'un  puits  potentiel 
situc  sous  la  partie  avale  du  jet  (Figi  re  1).  L' entrainement  s'exprime  alors  par 

(Le  Grives  (10])  !  ^ _ 

b'i-  pU.  aVVr^+K^  frin) 

^  i 

L'expression  finale  du  coefficient  d' entrainement  est  alors  : 

d, ~  Mod61isation  cles  vitcsscs  tranaversales 

Le  champ  de  vi^sse  transversale  est  induit  par  les  deux  tourbillons  contrarotatif s 
d' intensity  et  le  puits  cVintensite  (lib).  A  partir  d'une  mod61isation  d6ja 

ut.ilisee  par  Fern  et  Weston  (UJ  nous  avons  choisi  unc  repartition  suifacique  de  ces  trois 
randeurs.  La  localisation  de  ces  sinqularit^s  est  sch6mnti&6e  sur  la  Figure  ci-apres, 

Les  tourbillons  r»ont  localises  aux  points  ^ocaux  de  1 'ellipse,  tandis  que  le  puits  est 
situ6  dans  le  qaart  inffirieur  de  l*ollipse  (  n  est  diriq6  vers  le  centre  de  courbure) . 


Loii  repartitions  surfaciqvies  son<'  les  suivantes  t 
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Les  vitesses  induites  se  dCduisent  de  ces  repartitions  par  1 ' application  des  th6oi6mes 
de  circulation  et  des  principes  de  conservation  du  dfibit  : 


P(W4)Avm-e  _  ^  Ftu)co<i6  (Alro) 
^iTTot  o  ^TTou#  '  ^TTeu 


avec  les  Jdfinitions  s 
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FM  =  30>^ 


Entin  et  I\  sont  decerminfis  par  i'Seriture  de  I'gquation  de  transport  des  tour- 
billons  et  JZ.J  Scrite  dans  an  repSre  (S,b,n)  iH]  t 


Cette  Equation  est  dgalement  moyennde  sur  ^  en  utilisant  13a  et  13b,  on  obtient  : 


-4.^[rl  jJ dis+r^  ^deln-'if''E:f-^(yKa,+XK.t)=o 

'Ztads  Lm  Vj  Lm  Vj  Vj  ^  ^ 


oCl  est  une  ellipse  de  refGrence  de  grand-axe  1  et  de  petit  axe  1/4. 


S'*  corresfiond  i  chaque  demi  surface  contenant  le  tourbillon  JJ-i.  (i  =  1,2), 
e:  correspond  au  contour  de  est  une  vitesse  longitudinale  moyanne 

(5  pGrlmfetre  de  I'ellipse  : 


Vc- Vc  +  ai.Y 


S  vj; 
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Le  clymp  <ie  vitcsscs  V  d6toi'min6  par  les  equations  (11)  est  alors  projetfi  dans  le 
rep6re  (  b  ,  ^  )  : 

vj.  pV.'  ^  WJ 

Mv.-  xVft  -  jjVw 

=r^.T 

Les  relations  (13)  a  (19)  nous  permettent  alors  de  calculer  les  diff^rentes  int§grales 
contenues  dans  los  Equations  (4) . 

Motons  que  cette  6tude  pr^sent^e  ignore  les.effets  de  patois  ou  des  autres  jets  adja- 
cents  roais  que  ceux-ci  peuvonv.  C»tre  introduits  dans  la  mod^lisation. 

IV .  4 .  Comparaison  du  calCw)i  et  de  I'oxpGrience 

Les  r^sultats  du  calcul  sent  pr6sent6s  Figures  17  ^  22.  lls  correspondent  aux  cas 
d' experiences  presentes  prdcddGmment.  Les  evolutions  des  tra jectoircs ,  des  vitesses  et  de 
la  vorticit^  sont  pr^sent^es.  Les  donnees  du  calcul  sont  s  les^conditions  d'injection  h 
I'orifice  (  Vi©  »  l*6couleinent  exterieur  V  .  Ce  dernier  ost  moyenn^ 

selon  Z.  Ainsi'nous  avons  : 

V*.  =  Vx {oc,  >1^) 

=  O  (zd) 

Les  trajectoires 

Les  trajectoires  issues  du  oalcui  sont  contparSes  aux  rSsultats  exp6rimentaux  Figures 
1.'.  10,  19.  Les  trajectoires  dans  le  plan  <X,Z)  (Figures  17,  18)  se  rapprochent  moins  de 
I'extados  que  ne  I'lndique  1 ‘ experience.  La  deflexion  des  jets  par  rapport  aux  lignes  de 
oourant  de  I'Scoulement  sain  dtant  due  J  1 ' 6coulenient  socondnire  (tourbillon  de  passage), 
il  est  vralsemblable  que  la  moyenne  selon  x  appliqude  sur  v  ait  dfitruit  I’effet  local  de 
V  • 


(P8) 

(-13) 


Dans  le  plan  (x,y)  les  trajectoires  correspondent  assez  pr6cis6ment  ^  celles  d^termi- 
n$es  exper ijnentalement  (Figj^re  19).  Cependant  le  calcul  n'incluU  ni  les  effets  de  parols 
ni  la  presence  do  vitesses  y^^non  nulles  (imposScs  par  l’§coulement  secondaice  en  particu- 
lier  pr^s  de  I'cxtrados  oO  ^y^>0)  j  ainsi  la  tendance  du  jet  inject^  en  A  a  s' Eloigner  de 
la  paroi  est  incorrectement  predite. 

Evolution  de  1 a  vit e s se  maximale  dans  le  jet 

Elle  est  d^crite  Figure  20*  Les  r^sultats  experimentaux  et  theoriques,  malqre  le  peu 
de  points  de  comparaison, paraissent  en  accord.  il  existe  une  IdgSre  augmentation  de 
dans  la  zone  acc6’<Sr6e  de  la  gril.le  d'aube,  qui  semble  trouver  son  origine  dans  le  terme 
(  Vs  E  )  d'-  1' Equation  de  quantity  de  inouveioent  selon  Nous  pr^sentons  4galement 
Figure  21  uiv  calcul  etfectud  avec  les  mSmes  conditions  d'injection,  mais  avec  un  profil 
de  Vitesse  v  bidimensionnel  non  acc4»ler6,  de  type  couche  limite.  Dans  ce  dernier  calcul 
tend  r6g\  li&reniGnt  vers  0,  ce  qui  correspond  bien  S  une  Evolution  esp§roe. 

Evolution  de  la  vorticit^  (Figure  21) 

Nous  remarquons  une  forte  production  pr^s  de  I'orifice  d' injection,  puis,  apres  avoir 
atteint  un  naximum,l«  circulation  se  met  A  d^croltre  recjuli^rement. 

La  pro<'uction  importante  est  due  a  une  forte  d§flexion  associ&e  aux  gradients  de  vi- 
tesse t  importants  dans  la  premiere  zone  du  jet  (Cf,  Equation  (15)),  Quant 
h  In  diminution,  elle  est  due  A  la  rotation  de  la  surface  transversale  du  jet.  Cette  rota- 
>-ion  a  pour  effet  d'inverser  les  signes  de  A  et  ((5galit6  (19))  entrainant  ainsi  un 

changement  de  signe  du  terme  de  production  dans  les  Equations  36-1,  lf>-2, 

Sur  la  Figure  23  est  pr6sent§e  I'^volution  de  la  vorticit6  dons  un  ficoulement  V  bidi¬ 
mensionnel  avec  des  conditions  d' injections  identiques  n  celles  utilisScs  pr^c^demment 
(Figure  22).  La  rotatiox^  de  la  surface  est  alors  absente  et  les  cDurbures  s'annulant,  la 
circulation  tend  vers  une  valeur  constants.  Rappelons  en  effet  que  la  dissipation  n'agit 
pas  directement  sur  1*  evolution  dc  la  verticitij  d'apres  (16-1). 


-iO-)  I 


V.  CONCLUSIONS 

Du  point  de  vue  experimental,  nous  avons  pu,  par  1 ’ uti 1 isation  d'un  system©  de  dotec- 
tior*  E^ar  Cii  cliaud,  ciecrire  las  tra jectoires  ot  formes  do  jets  uniques  injectds  sous  diffe- 
L'entes  conditions  dans  la  grille  d*aubes.  II  apparait  que  le  chamE>  aerodynamique  cr6§  par 
le  jet  ne  modifie  que  localement  celui  cr§6  par  la  grille  d'aubes.  L'un  des  tourbillons 
g^ncrcs  par  la  d6flexion  du  jet  rest©  marqud  alors  que  l*autre  est  ddtruit  E>ar  1 ' 6couleinent 
secondaire.  L’influenoe  de  I'angle  de  d6rapage  sur  I’dvolution  du  jet  est  faible.  La  diffu¬ 
sion  iat^rale  est  dans  chaque  cas  plus  importance  que  la  diffusion  normale  a  la  paroi,  Du 
point  de  vue  prediction  th^orique,  la  method©  de  calcul  semble  bien  adaptee  a  la  situation 
a6rodynamique  comE>lexe  rencontr^e.  Les  effets  de  parols  pourraient  citre.  pris  en  compte 
assez  simplement  en  superposant.  au  champ  de  vitesse  transversale  calcule,  le  chan\[:)  de 
Vitesse  induit  par  un  jet  image  par  rapport  a  la  paroi.  Les  fermetures  peuvent  sans  doute 
etre  amdliordes  notamment  au  niveau  do  1  * entralnement  de  type  potentiel . 

Ce  travail  prdsente  des  E>®^spectives  iht6ressantes  en  ce  qui  coi»cerne  l'6tude  experi- 
mentale  et  th^orique  dc  jets  multiples.  Le  formalisme  de  la  ro6thode  de  calcul  restant  le 
mSme,  I'influence  des  jets  entre  eux  pouvant  etre  introduite  facilement  au  travers  des 
vltesses  transversales  induites. 
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l)IS<  US^ION 


(i.!Vl.l)it>clius,  (k 

Your  Milijccl  lias  been  a  most  rewarOing  one  from  the  point  of  view  of  the  sluily.  Could  you  pictise  comment  on  the 
practical  hackgrouncl  of  the  subject;  who  would  like  to  introduce  jets  from  the  side  wall  fur  cooling  purposes  in  such  a 
fashion? 

Author's  Reply 

Miidamc  UourgulgiMii  (from  the  SNh'CMA)  shows  us  in  the  presciilalion  of  a  previous  paper  that  it  is  necessary,  due  to 
high  tenipcrature  in  III’  turbine,  to  cool  the  blades  and  also  the  sidewalls  o,  the  stage.  We  think  that  on  the  blade,  '.he 
iiurodyiKiinical  iiiieraclion  can  he  calculated  by  2-l>  boundr.ry  layer  and  jet  calculations.  In  the  region  of  the  sidewall, 
where  the  flow  is  .vl),  the  problem  Is  more  difricull.  We  decided  to  .study  this  situation. 


F.  I'arada,  UK 

You  menlioncd  in  yo.ir  oral  presentation  the  dearth  of  cxpcrinientiil  dalti  regarding  jets  injected  into  a  threc- 
dlmensloniil  free-rtrciim.  Could  you  |)lctise  clabortile  on  your  .sources  for  the  cmpiriciil  corrcliitions  required  for  the 
closure  of  the  conservation  e(|uations?  I  lave  you  any  plans  to  improve  the  empirical  eorrehitiuns,  and  in  particular  the 
physical  jiislirications  behind  them? 

Author's  Reply 

We  tise  empirical  corrcliitions  avaihible  lit  the  literature  about  the  evolution  of  jcl.s  injeeted  in  2-D  Hows  (see 
references),  For  extimple,  the  drag  force  correlation  is  that  presented  in  a  work  of  Kameite  and  most  other  authors.  In 
oiir  ciise,  where  very  few  litcriiliirc  referenees  c.sisl.  we  can  look  at  the  effect  of  the  variation  of  our  cin|)irical 
correlations  on  (he  results  of  the  eum|)iitiiiion.  We  want  also  to  develop  other  experiments  on  single  and  miiltijct 
evolulions  in  3-1)  secondary  flows. 
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SUMMARY 

DFVLR/Gottin^en  made  an  investigation  on  transonic  turbine  blades  designed  by  Rolls-Royce/ 
Bristol  concerning  the  aerodynamic  penalties  of  coolant  flow  for  two  alternative  cooling 
configurations.  Rolls-Royce  designed  a  blade  with  a  thick  trailing  edge  where  the  coolant 
is  ejected  through  slots  in  the  trailing  edge  and  a  second  blade  with  a  thin  trailing  edge 
where  coolant  is  ejected  through  a  row  of  holes  on  the  pressure  side  and  a  row  of  holes 
on  the  suction  side.  Tests  were  performed  In  the  plane  cascade  wind  tunnel  at  DEVLR.  The 
results  Indicate  the  sensitivity  of  the  blade  performance  to  cooling  configuration  and 
coolant  flow  rate.  By  combining  measured  data  from  blade  surface  and.  wake  traverses  it 
was  possible  to  separate  the  various  loss  mechanisms.  So  the  separate  losses  due  to  the 
momentum  of  the  coolant,  change  of  base  pressure,  change  of  blade  friction  could  be  deter¬ 
mined  quantitatively  as  a  function  of  coolant  flow  rate. 

NOMENCLATURE 


c  chord  length 

“  IPb"P2* (base  pressure  coefficient) 

Cm  ratio  of  coolant  mass  flow  to  main  stream  mass  flow 

I  kinetic  energy  deficit  of  coolant  (see  chapter  ’Aerodynamic  effect  of  Film  Cooling') 
Ma  Mach  number 

Ma^  surface  Mach  numher  derived  from  local  static  pressure  and  Inlet  total  pressure 

o  throat  width 

p  static  pressure 

pO  total  pressure 

s/Sq  non-dimensional  surface  length 

I  pitch 

te  trailing  edge  thickness 

TO  total  temperature 


w  velocity 

X  bltangentiaj.  coordinate 

a  angle 

stagger  angle 

X  ratio  of  specific  heats 

p  gas  density 
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(energy  loss  coefficient) 


(1+c  )  w 
_ _ m  _ ^ 

2  2 
+c  w 
7.5  m  cs 


(thermodynamic  efficiency  loss) 


C  *  profile  loss  (see  chapter  'Evaluation  of  Results') 
a  equivalent  slot  width  =  coolant  holes  area/span 
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Subset  i.pt  s 

1  inlet 

2  unifoim  outlet  flow 

c  coc.>lc\nt 

L  local  main  flov.* 


B  Bano  (traili.ncj  edge) 
s  isentropic 

D  pressure  side 
S  suction  side 


INTRODUCTION 

VJith  tho  continuing  trend  to  increase  the  working  gas  temperature  in  high  pressure  tur¬ 
bines,  air  cool-incj  of  the  blades  is  an  indispensible  feature.  One  of  the  most  difficult 
parts  of  the  blade  to  cool  is  the  trailing  edge  region/  because  of  the  need  to  maintain 
as  fine  a  trailing  edge,  as  possible,  in  order  to  minimize  the  aerodynamic  loss.  If  convec¬ 
tion  cooling  is  employed,  the  trailing  edge  is  necessarily  thick  in  order  to  accommodate 
the  internal  holes  or  slots.  However,  it  may  be  that  the  ejected  coolant  energizes  the  wake 
and  mitigates  the  aerodynamic  losses.  Alternatively  a  thin  trailing  edge  with  film  cooling 
can  be  considered.  In  this  case  it  is  possible  to  have  films  on  one  or  both  surfaces  of 
the  rear  part  of  the  blade.  Here  the  interaction  between  the  coolant  and  the  main  stream 
gas  is  a  potential  source  of  aerodynamic  loss. 


EXPKRI MENTAL  ARRANGEMENT 

The  experiments  were  performed  in  the  rectilAnear  cascade  tunnel  at  DPVLR“AVA.  This  facil¬ 
ity  is  a  suction  typo  tunnel  and  a  detailed  description  is  given  in  referencec I 1 J •  The 
Reynolds  nur(\)>er  based  on  chord  length  and  design  exit  conditions  was  8.8  x  10^.  During  the 
basic  measurements,  there  were  10  -  12  solid  blades  in  the  flow.  During  the  measurements 
with  simulated  coolant  ejection,  three  of  them  were  replaced  by  hollow  blades  equipped  with 
cooling  slots  or  lioles.  The  blade  chord  was  60  nun  and  tUd  blade  span  125  mm.  Thus  the 
span/chord  aspect  ratio  wa.s  slightly  above  two  to  ensure  two-dimensional  flow  at  the  mid 
span. 

The  cooling  slots  or  holes  of  the  hollow  blades  extended  over  only  two-thirds  of  the  blade 
span,  but  as  the  experimental  values  were  only  taken  in  the  mid  span  of  the  blade  this 
should  not  influence  the  results.  The  bleed  air  was  supplied  to  the  hollow  blades  from  both 
f.Alder,  to  enstiro  constant  con»ilitions  over  the  blade  span.  Eurthex'more  more  than  30  pressure 
tanoiiKis  wore  distributed  on  the  mid  span  of  the  profile  contour  to  measure  the  pressure 
distribution.  The  design  conditions  of:  the  two  blades  can  be  soon  from  table  1  . 


Ficj«  1  shows  the  hollow  blade  RE  with 
the  position  of  the  prorsurc*  tappings 
and  the  posiltion  and  geometry  of.  the 
cooling  holes*  Blade  BE  has  a  thin 
trailing  edge,  the  ratio  of  trai.ling 
edge  thickness  to  throat  widtli  being 
8.6  %.  The  row  of  cooling  holer,  on  the 
pressure  side  As  at  x/c  «  0,87S  and  on 
the  suction  side  it  in  at  x/c  =  0.812. 
The  holes  arc  inclined  at  an  angle  of 
22*  to  the  pressure  surface  and  at  an 
angle  of  29°  to  tlie  suction  nurfaco. 
n’lg.  2  shows  the  blade  RF.  Th'.n  blade's 
Fat.io~of  trailing  edge  thickness  to 
throat  v/iflth  is  22.6  %,  which  is  rela- 
:.ively  thick  in  order  to  accomodate  a 
slot  in  the  trailing  edge,  especially  in 
a  small  sized  turbine. 


Table  1  -  design  conditions 


UE 

RF 

Mf, 

0.452 

0.452 

1.15 

1.15 

“l 

150° 

150° 

“2 

20.6° 

20.6° 

57.2° 

59.6° 

t/c 

0.76 

0.90 

o/t 

C.34'j 

0.334 

te/o 

0.086 

0.226 

EVALUATION  OF  BE.SULTS 

In  order  to  determine  the  performance  of  the  cascade,  wake  flow  measurements  are  made  by 
traversing  a  wedge-type  probe  behind  the  cascade  <fig.  3).  Prom  the  data  on  the  inhomoge- 
neoufi  flov/  in  the  traverse  plane,  the  properties  of  the  equivalent  uniform  outlet  flow 
are  obtained  by  applying  the  equations  of  conservati«..'n  of  mass,  momentum,  and  energy  {2,3]. 
One  of  the  results  is  the  total  pressure  loss  or  the  equivalent  energy  loss  F,  of  the  cas¬ 
cade.  The  total  pressure  lo.ss  or  the  energy  loss  ^  do  not  give  a  true  impression  of  the 
aerodynamic  effect  of  ejection  because  they  are  affected  by  the  coolant  flow  but  exclude 
itf.  energy  input.  The  energy  loss  derived  from  thermodynamic  efficiency,  denoted  C*  here 
does  ir'.clude  it,  but  in  order  to  compute  C*  one  needs  the  properties  of  the  coolant  flow 
at  the  ej;it  of  the  cooling  holes  or  slots.  Of  the  properties  of  the  coolant  (see  fig,  3) 
the  total  temperature  TO  and  the  total  pressure  pO  were  measured.  But  pO^  was  meas¬ 
ured  only  Inside  the  ht>liow  blades.  If  one  a&sumes  that  the  static  pressure  at  ^the  exit  of 

the  cooling  holes  is  equal  to  the  measured  surface  static  pressure  (measured  with  cooling 
flow)  this  pressure  is  also  known.  In  the  case  of  choked  conditions  inside  the  cooling 

holes  or  clots  one  sots  the  cooling  flow  Mach  numb-ssr  to  1  and  gets  from  this  condition  also 
the  .static  pressure  of  the  coolant.  From  the  known  trass  flow  of  the  coolant  and  the  known 

static  pressure  p  it  is  possible  to  compute  the  tOu?.l  pressure  pO  .  of  the  coolant  at 
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the  exit  of  the  cooling  holes  or  slots  by  using  the  continuity  equation.  These  value.s  can 
then  be  used  to  compute  the  thermodynamic  efficiency  loss 

In  order  to  know  the  aerodynamic  effect  of  the  coolant  flow,  it  is  desirable  to  separate 
the  effects  of  coolant  energy  and  of  mixing  on  the  measured  total  loss  fro«i  the  effect  of 
the  coolant  flow  on  the  real  profile  loss  which  comes  from  boundary  layers,  base  pressure 
etc.  Referring  to  fig.  3,  the  main  flow  mixes  with  the  coolant  flov;  near  the  exit  of  the 
cascade.  If  the  local  properties  of  the  main  flow  where  it  mixes  with  the  coolant  flow 
are  known,  then  one  can  compute  the  homogeneous  downstream  flow  by  integrating  and  using 
the  same  equations  of  continuity,  momentum  and  energy  as  were  used  for  computing  the  homo¬ 
geneous  flow  values  from  the  inhomogeneous  flow  measured  by  the  probe.  As  only  the  local 
surface  static  pressure  and  the  values  of  the  downstream  homogenous  flow  are  known,  one 
lias  to  perform  the  reverse  procedure.  To  puc  it  simply,  one  uses  the  measured  downstream 
values  of  the  mixed  homogeneous  flow  and  the  known  properties  of  the  coolant  flow  to  com¬ 
pute  iteratively  a  homogeneous  'main  flow'  at  the  exit  of  the  cascade,  where  the  rain  flow 
begins  to  mix  with  the  coolant  and  with  the  wake.  The  wake  just  at  the  trailing  edge  is 
assumed  to  have  a  thickness  equal  to  the  trailing  edge  thickness,  and  a  static  and  total 
pressure  equal  to  the  measured  base  pressure.  The  computed  loss  of  this  'main  flow' ,  in¬ 
cluding  the  base  loss,  will  he  denoted  here  as  profile  loss  f . 

The  procedure  described  above  is  similar  to  the  analytic  method  of  Prust  (•;!.  But  whereas 
Prust  analytically  predicts  the  total  loss  from  the  coolant  flow  properties  and  assumes  the 
basic  profile  loss  to  be  the  same  as  without  coolant,  we  have  computed  the  effect  of  the 
coolant  on  the  profile  loss  itself  and  so  had  to  'subtract*  the  mixing  loss  and  the  coolant 
energy  from  the  measured  total  energy  loss  to  get  the  real  profile  loss.  A  second  differ¬ 
ence  to  Prust  is  that  he  uses  a  separate  formula  for  each  effect  as  for  example  the  effect 
of  a  finite  trailing  edge  thickness  or  the  effect  of  the  expansion  work  done  by  the  coolant, 
v/hereas  our  procedure  includes  all  relevant  equations  (continuity,  momentum,  energy)  and  so 
handles  these  effects  automatically.  The  concept  of  a  layer  where  the  coolant  flow  mixes 
with  the  main  flow  near  the  cooling  holes  as  it  .ts  described  in  ref.  t!>,6)  is  not  necessary 
hare  as  the  cooling  holes  are  already  near  the  blade  exit  where  the  mixing  is  assumed  to 
begin . 

A  result  of  the  evaluation  procedure  can  be  seen  in  fig.  4  for  an  exit  Mach  number  below 
design  where  the  profile  los.s  is  indicated  by  the  dashed  line.  The  difference  between 

the  profile  loss  5'  and  the  total  loss  %  (solid  line)  is  due  to  the  mixing  of  coolant 
flow  and  main  flow.  This  difference  includes  the  coolant  kinetic  energy  or  momentum,  the 
expansion  work  done  by  the  coolant  or  the  compression  work  done  by  the  main  flow  to  com¬ 
press  the  coolant  to  the  downstream  static  pressure,  and  the  loss  v;hich  comes  from  the 
different  velocities  of  main  flow  and  coolant  (often  only  the  latter  is  called  mixing 
loss)  .  Tjie  coolant  momentum  may  have  a  positive  or  negative  effect  on  total  efficiency 
depending  on  the  discharge  angle.  In  fig.  4  it  Is  shown  that  for  coolant  flow  rates  larger 
than  2,5  to  34  the  difference  is  positive  which  is  due  to  the  effect  of  coolant  momentum. 

If  we  use  the  procedure  as  an  analytical  tool  it  is  possible  to  predict  the  effect  of 
changing  coolant  flow  properties.  In  fig.  4  two  other  curves  are  shown  w)iloh  give  the  com¬ 
puted  total  energy  loss  C  by  assuming  that  the  profile  loss  5'  remains  unchanged  but 
the  coolant  has  either  a  lower  total  temperature  or  a  different  discharge  angle. 


RESULTS  FOR  THE  AERODVNAMIC  EFFECT  OF  FILM  COOLING 

The  experimental  work  on  blade  RE  can  be  separated  into  three  parts;  basic  tests  on  solid 
blading,  tests  with  simulated  coolant  ejection  through  a  row  of  holes  in  the  rear  part  of 
the  pressure  aide  and  coolant  ejection  through  holes  on  the  pressure  side  and  the  suction 
side  simultaneously.  In  this  paper  only  the  tests  with  simulated  coolant  ejection  are 
reported. 

During  the  tests  with  coolant  ejection  on  the  pressure  side  only,  the  holes  on  the  suction 
side  were  filled  in  and  the  surface  was  smooth.  Figs.  4  and  5  show  results  for  a  subsonic 
and  a  supersonic  exit  Mach  number  respectively.  The  minimum  profile  loss  S'  is  at  a  cool¬ 
ant  flow  rate  of  2%  In  the  subsonic  case  and  14  for  the  suparsonic  Mach  number. 

Figs,  6  and  7  give  selected  results  for  the  loss  coefficients  when  simultaneously  blowing 
air  through  holes  on  suction  and  pressure  sides.  The  total  loss  maximum  near  2%  coolant 
flow  rate  is  clearly  related  to  a  maximum  in  m.ixing  loss.  For  both  the  subsonic  and  the 
supersonic  exit  Mach  number  the  difference  between  total  lo.s.s  and  profile  loss  coefficients 
is  zero  near  a  coolant  flow  rate  of  4.5%  which  means  that  the  useful  kinetic  energy  of  the 
coolant  exceeds  the  mixing  loss  for  higher  flow  rates.  The  profile  loss  coefficient  f,' 
itself  has  its  minimum  at  a  coolant  flow  rate  o.f  24  for  the  supersonic  Mach  number  but  for 
the  subsonic  exit  Mach  number  the  minimum  profile  loss  extends  from  a  flow  rate  of  1%  to 
4, 54.  The  decrease  of  profile  loss  is  effected  by  the  useful  coolant  moment'”  having  a 
positive  effect  on  the.  boundary  layers. 

In  figs,  8  and  9  the  variation  of  profile  loss  E'  wltli  coolant  flow  rate  r  pressure 
side  ejection  is  compared  with  the  profile  loss  for  suction  and  pressure  s.  e  ejection. 

For  the  subsonic  exit  Mach  number  the  additional  suction  side  ejection  lowers  the  profile 
loss  up  to  a  suction  side  coolant  flow  rate  of  c»ig  =  2.14,  but  the  largest  decrease  of 
profile  loss  is  achieved  by  a  flow  rate  of  only  cmg  =  0.54.  A  loss  decrease  can  also  be 
observed  for  the  supersonic  exit  Mach  number  and  pressure  side  ejection  (see  dashed 
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lino  in  fiq.  9).  So  we  may  conclude  that  a  decrease  of  profile  loss  can  be  achieved 

when  injecting  coolant  Clow  into  a  locally  subsonic  main  flow. 

If  pw^  is  interpreted  as  ‘kinetic  enerqy  density'  then 

I  =  (1  -  J -cm 

may  be  called  'kinetic  energy  deficit'  of  the  coolant  compared  to  local  main  flow.  This 
kinetic  energy  deficit  can  he  correlated  v;ith  the  mixing  loss  minus  coolant  kinetic  energy, 
as  is  evident  when  comparing  fig,  10  with  figs.  4-7.  But  there  also  seems  to  be  a  negative 
correlation  with  profile  loss^  because  for  subsonic  local  conditions  minimum  profile  loss 
seems  to  coincide  with  a  maximum  of  the  value  of  *1'.  If  the  coolant  flow  is  not  choked 
then  I  is  equal  to  a  'Manh  number  ueficit* 

2  2  2  2 
I  =  (1-  Ma^/Ma^^)  •  cm  ,  because  pw  -  irp  Ma  . 

If  the  coolant  Mach  num'jer  reaches  1.0  inside  the  holes  (see  arrows  in  fig.  10)  there 
seems  to  be  n  negative  effect  on  profile  loss.  Then  the  coolant  flow  has  to  expand  to  the 
lov;er  surface  pressure  outside  of  the  hole.  This  seems  to  push  the  main  flow  away  from 
the  surface  and  on  simultaneously  taken  schlieren  photos  the  flow  appears  to  be  sepa¬ 
rated.  When  injecting  coolant  on  the  tear  part  of  the  suction  side  into  a  locally  super¬ 
sonic  main  flow  a  loss  increase  was  always  observed  (see  fig.  9).  Fig.  1 1  shows  the  effect 
of  coolant  ejection  on  the  surface  velocity  distribution  at  exit  Mach  number  1.14.  The 
pressure  side  ejection  influences  also  the  suction  side  because  it  decreases  the  main  mass 
flow.  The  Influence  of  suction  aide  ejection  is  more  or  less  confined  to  the  location  of 
the  holes.  But  contrary  to  pressure  side  ejection  it  can  already  be  seen  from  the  velocity 
distribution  that  suction  side  ejection  is  unfavourable  for  super.sonlc  flow,  as  the  first 
shock  on  the  suction  side,  which  comes  from  the  trailing  edge  of  the  neighbouring  blade, 
is  more  intense  and  a  second  smaller  shock  is  induced  just  in  front  of  the  row  of  holes. 
Already  without  delivering  coolant  air  there  is  a  throughflcw  from  pressure  to  suction  side 
driven  by  the  pressure  difference.  This  leads  to  a  loss  increase  at  cm  =  0.  (see  figs. 

9  and  11). 


RESULTS  FOR  THE  BLADE  RF  WITHOUT  COOLANT  EJECTION 

The  experiment.9  on  blade  RP  were  already  partly  published  in  17)  .  Some  of  the  results  will 
be  reviewed  hors  and  some  further  added. 

A  first  rather  unusual  result  is  plotted  in  f ig .  1 2 .  For  subsonic  exit  Mach  numbers  there 
is  a  big  difference  between  the  losses  of  the  solid  and  the  slotted  blade.  Of  course  some 
further  im  isuremonts  had  to  be  taken  to  validate  these  unexpected  results:  First  the  cool¬ 
ant  air  supply  at  the  side  of  the  slotted,  hollow  blades  was  removed  and  the  supply  tubes 
closed.  By  closing  the  slot  in  the  trailing  edge  with  cello-tape  the  loss  returned  to  its 
high  value.  A  small  disturbance  in  the  solid  trailing-edge  like  a  short  splitter-plate 
gave  again  low  losses.  The  mechanism  giving  rise  to  such  a  remarkable  loss  difference  is 
not  understood,  but  it  is  probably  connected  with  the  unsteady  separation  at  the  trailing 
edge  and  also  with  three  dimensional  flow  at  the  trailing  edge.  A  similar  efiect  which  he 
named  "cavity  effect"  was  reported  by  Mas!:  181.  The  base  pressure  coefficient  for  the  solid 
blade  was  much  lower  than  for  the  slotted  at  exit  Mach  number  0.76  (see  f ig ■  15).  This 
base  pressure  was  not  correctly  given  in  ref.  |7). 

With  the  above  mentioned  evaluation  method  to  compute  the  profile  loss,  the  profile  loss 
in  front  of  the  trailing  edge  can  also  be  computed.  First  the  measured  base  pressure  and 
the  measured  total  loss  of  the  slotted  blade  were  used  to  compute  the  profile  loss  of  the 
slotted  blade  in  front  of  the  trailing  edge.  Then  this  profile  loss  was  assumed  to  be  con¬ 
stant  and  the  base  pressure  changed  to  the  value  measured  for  the  solid  blade.  The  result 
is  indicated  in  fiq.  13  and  it  is  seen  that  a  large  part  of  the  loss  increase  from  the 
slothed  to  the  solid  blade  is  in  fact  due  to  the  Increased  base  loss. 


RESULTS  FOR  COOLANT  EJECTION  FROM  A  SLOT  IN  THE  TRAILING  EDGE 

Tests  were  carried  out  using  air  at  flow  rates  vip  to  6.5%  of  the  main  stream  mass  flow. 

For  two  exit  Mach  numbers  figs.  13  and  14  show  the  different  evaluated  loss  coefficients. 
The  difference  between  solid  and  dashed  lines  is  again  the  mixing  loss  due  to  injection  of 
coolant  air  into  the  main  flow.  This  difference  is  strongly  correlated  to  the  kinetic 
energy  deficit  plotted  in  fig.  16.  The  profile  loss  itself  has  its  minimum  at  a  coolant 
flow  rate  of  4  -  6%  for  su'osonic  flow  and  at  3%  for  supersonic  flow. 

The  development  of  base  pressure  coefficient  with  coolant  flow  rate  is  shown  in  fig,  15. 

The  base  pressure  seems  to  be  correlated  with  the  kinetic  energy  deficit  I,  too.  If  low 
momentum  coolant  flows  into  the  wake  the  base  pressure  rises,  but  if  the  momentum  (or  ki¬ 
netic  energy)  of  the  coolant  is  comparable  to  the  main  flow  momentum,  that  is  when  the 
energy  deficit  goes  to  small  positive  or  to  negative  values,  then  the  base  pressure  de¬ 
creases  again. 

The  dashed-dotted  line  in  fig.  13  and  14  gives  the  profile  loss  in  front  of  the  trailing 
edge,  that  is  the  profile  loss  £;'  minus  the  base  loss.  It  is  nearly  constant  with  cool¬ 
ant  flow  rate  as  expected.  W)\Gn  the  profile  loss  (dashed  line)  Is  lower  than  t(ie  pro¬ 

file  Iocs  in  front  of  the  trailing  edge  a  negative  base  loss  is  implied.  This  appears  to 
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be  unusual  but  it  should  be  borne  in  .nind  that  it  occurs  only  when  coolant  is  ejected  and 
the  base  pressure  rises  above  downstream  static  pressure.  So  the  air  in  the  base  region  is 
able  to  do  work  by  expanding  to  the  downstream  pressure.  Thus  the  minima  in  profile  loss 
f; '  are  only  due  to  the  maxima  in  base  pressure.  But  as  the  maxima  in  base  pressure  seem 
to  be  correlated  with  the  inflow  of  low  momentum  coolant  both  effects  partly  cancel  each 
other,  so  the  total  loss  ?  may  have  a  flat  minimum  as  here  for  the  supersonic  Mach  number 
(fig.  14)  or  a  flat  maximum  as  in  fig.  13  for  subsonic  flow. 


comparison  between  blade  re  and  rf 

In  f Ig ■  17  a  comparison  of  blades  RE  and  RP  is  made  at  design  exit  Mach  number  Ma2  =  1.1S. 
The  two  blades,  which  have  the  same  gas  deflection,  display  a  thermodynamic  efficiency 
difference  of  3.7%  with  zero  coolant.  This  is  mainly  due  to  the  thick  trailing  edge  of 
blade  RF.  Above  a  coolant  flow  rate  of  3.5%  the  efficiency  difference  shrinks  to  only  0.6%. 
Now  you  see  from  geometry  that  the  higher  pitch/chord  ratio  of  RF  allows  to  design  a  rotor 
with  RP-profiles  which  has  less  weight  than  a  rotor  with  RE-profiles.  Furthermore  RF  needs 
loss  coolant  total  pressure  than  RE  to  eject  the  same  amount  of  cool.ant.  So  we  may  conclude 
that  blade  RF  is  comparable  or  even  superior  to  blade  RE  if  coolant  flow  rates  above  3.5% 
are  necessary. 


CONCLUSIONS 

From  the  results  of  this  investigation  the  following  conclusions  can  be  drawn: 

•  By  ejecting  a  moderate  amount  of  coolant  from  a  row  of  holes  into  subsonic  local  flow 
a  decrease  of  profile  less  will  be  achieved  if  the  coolanu  momentum  has  a  component  in 
the  main  flow  direction. 

•  Injecting  coolant  with  a  Mach  number  higher  or  eg  al  to  1.0  into  subsonic  main  flow  or 
injecting  coolant  into  a  locally  supersonic  main  tlow  will  lead  to  an  increase  of  pro¬ 
file  loss. 

<  A  blade  with  a  thick  trailing  edge  and  coolant  ejection  into  the  base  region  may  be 

similar  in  performance  to  a  blade  with  much  thinner  trailing  edge  and  film  cooling  just 
in  front  of  the  trailing  edge,  if  the  blades  are  compared  at  higher  coolant  flow  rates. 
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DISCI  ISSION 


C.IMIutt.  I  ;i 

1 ,  Willi  rclereiicc  In  llio  cIIl'cI  oI  lrailiii)i.  l\1i>c  cjcclioii,  I  have  observed  lhal  '>  hen  die  loss  is  at  a  inininiuin  the  i  alio  of 
ejeelion  vclocily  lo  niaiiislrea'ii  Ilow  exil  veloeily  =  0.5.  Did  yon  eakailale  this  ratio  (irerhaps  yon  eoulil  eliieidale 
later)'.’ 

1.  CoiiKI  the  explanalion  ol  rediieing  therimnlynainic  loss  with  rdin  blovviii)’  at  low  cooling  mass  Ilow  ratios  be  due  to 
the  closeness  of  the  iraverse  plane  lo  the  irailing  edge.  That  is,  would  you  measure  more  wake  loss  shear  al  say  one 
chord  dovvnsireani. 

Author's  Reply 

1 .  Al  exit  Mach  number  0.7fi  the  ratio  of  coolant  slot  e.xii  vclocily  lo  downstream  aflcrmixed  vclocily  is  II..5V  with  c.„ 
*  and  HI  exil  Mach  mnnher  1 .22  this  ratio  is  0.4‘J  with  c,„  =  i%. 

2 .  'I'hc  pro|rei  lies  of  the  hoinogcncons  downstream  (aftermixed)  flow  arc  indc|)cndcnt  of  the  axial  disianec  of  the 
probe  from  the  cascade  exil.  This  rvas  also  cheeked  bat  it  rcsnlis  already  from  lire  evahialion  procedure. 


T.V„l«iiic.s,  UK 

Loss  lueasuremems  are  presented  as  a  function  of  coolant  mass  flow  and  the  effect  of  the  coolant  separating  from  the 
surface  is  considered  lo  be  imporiaui.  The  laiicr  is  not  governed  by  the  coolant  mass  flux  and  therefore  coolant  mass 
How  ntighi  not  he  the  corieci  scaling  parantelcr  when  exiending  these  results  lo  engine  conditions.  Do  you  have 
iirformaiion  on  this  riuestion  of  scaling'? 

Aiill’iir's  Reply 

It  has  been  tried  lo  corrcl.ile  profile  loss  lo  a  quantity  derived  from  coolant  momentum.  This  quaniily.  called  ‘energy 
deficil  or  excess'  of  coolant  is  in  the  papei. 


F.Tarada,  UK 

I  have  two  qneslions; 

1 ,  1  )id  you  ta'Kc  into  considei  aiion  the  reduction  in  stagnation  pressure  due  to  the  passage  ihroiigh  shocks  on  lire 
suction  side  when  cominiling  the  surface  Mach  number  distribution  (b'ig.l  I )'.’ 

2.  Why  does  the  Mach  number  go  to  iieroon  the  pressure  side  (Fig.  1 1 )'?  You  mentioned  that  yon  took  Schlicten 
pliologi  aphs  of  the  shocks  on  the  suction  side  of  the  Marie;  your  paper  would  in  my  opinion  be  much  eithaiicerl  by 
llic  iiielusion  of  such  photographs. 

Author's  Reply 

1 .  I  he  surface  Mach  luintber  plotted  in  Fig.  I  I  is  computed  from  surface  sialic  i>ressurc  and  inlet  total  pressure  so  it 
does  not  lake  niio  acconnl  any  reduction  in  total  pressure. 

2.  This  is  the  position  of  ihc  siagiiiilioit  poiiii.  please  compare  the  definilion  of  zero  x-coordinaie  in  fig.  I . 


S.C.Arora,  t'a 

Youi  loss  coefficients  are  shown  as  a  fuiietion  of  coolant  mass  flow  rale.  Tiiibitic  has  lo  expend  some  energy  lo  pump 
this  coolant  lo  llie  blade.  Tl'is  pumping  energy  will  depend  on  the  amount  of  coolant  being  pumped.  Will  ibises  pended 
energy  affeci  your  loss  eoefficieni  and  how  eaii  litis  be  taken  into  -onsirleralion  lo  nilerprel  and  modify  your  loss 
coefriciciils? 

Author's  Reply 

rite  pumping  energy  does  not  alfeel  my  losseoefricienlsas  lire  energy  of  the  coolant  used  m  contpuling  the  loss  was  the 
energy  al  the  exil  of  the  holes  or  slots.  I'lie  pumping  eneigy  eimld  be  inchiricd  in  the  loss  definition  by  taking  it  into 
neeoiinl  in  tbeeoolanl  energy. 
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SUMMARY 

The  aerodynamic  properties  of  highly  loaded  turbine  blades  are  strongly  influenced 
by  local  supersonic  flow  fields  and  cooling  air  ejection.  The  boundary  layer  interaction 
with  shock  waves  and  simulated  cooling  flows  was  examined  in  a  cascade  vfind  tunnel  by 
means  of  boundary  layer  and  wake  traverses  and  pressure  distribution  measurements  as  well 
as  by  the  application  of  Schlieren  observation.  Air  was  ejected  through  holes  and  slots 
at  different  locations  of  the  blade  contour.  Special  emphasis  was  put  on  magnitude  and 
direction  of  the  local  jet  velocity  in  case  of  multiple  cooling  operation.  The  character¬ 
istics  of  the  blade  without  and  with  different  cooling  configurations  were  determined. 

The  results  show  the  effects  of  air  ejection  on  boundary  layer  transition  and  shock  con¬ 
figurations. 


SYMBOLS 

o  chord  X , 

c*  mass  flow  coefficient,  ratio 

®  of  coolant  flow  rate  of  one  B, 

blade  to  mainstream  flow  rate 
m  between  tv/o  adjacent  blades 
for  the  same  width  in  blade 
height  direction 

h  blade  height  "  spun 

H.|2  shape  factor,  ll.|2  = 

1  enthalpy 

M  blade  surface  Mach  number, 

M  =  f (P/Pg, ) 

M,  isentropic  exit  Mach  number, 

«2,th  = 

m  inai;s  flow  rate 

o  throat  between  two  blades 

p  static  pressure 

total  pressure 

q  dynamic  liead,  q  «  P©  *  P 

R  qas  constant 

Re  Reynolds  number#  Re  =  wpc/ii 

a  blade  spacincj,  surface  coordinate 

s/a  dimensionless  surface  coordi¬ 

nate,  Sq  means  surface  lenyth 
from  x/c  =  Q  to  1 

total  temperature 

Tu  deqree  of  turbulence 

Tu  =  100  Vw '  V w 

v;  flow  velocity 


K 

h 

f.  -#  -*# 

p 

Subscripts 

1  measurement  plane  upstream  of 
cascade 

2  transferred  to  homogeneous  exit 
flow  from  cascade 

c  coolant 

i  Individual  location  of  ejection, 

i  =  1  to  7 

K  tank 

nom  design 

P  preG.,ure  side  3  according  to 

S  suction  side  )  -  0  to  1 

til  isentropic  flow 

tot  .sum  of  individual  values  of  one 

blade 


profile  coordinates, 
bitanejential 

flow  angle  and  blade  angle  rela¬ 
tive  to  cascade  axis,  see  fig.  1 

displacement  and  momentum  thick¬ 
ness 

coordinate  normal  to  blade  surface 

ratio  of  specific  heats 

dynamic  viscosity 

loss  coefficients,  see  appendix 

density 


INTRODUCTION 


4:-2 
1  , 


The  required  increase  in  the  performance  of  advanced  jet  enqines  leads  to  a  rise  in 
total  pressure  ratio  (TPR)  and  turbine  entry  temperature  (TET)  .  The  RD  199  v/as  designed 
15  years  ago  for  a  combat  aircraft  with  a  TPR  of  23  :  1  and  a  TET  around  1600  K.  The 
corresponding  goals  for  a  jet  engine  of  the  next  generation  are  TPR = 25  :  1  and 
TFT  =  1750  K  with  cooled  single  crystal  turbine  blades .  For  comparison,  the  PW  2017 
designed  5  years  ago  for  a  civil  aircraft  reaches  TPR  =  30  :  1  and  TET  =  1  669  K  with 
cooled  single  crystal  turbine  blades. 

These  high  turbine  entry  temperatures  can  be  obtained  only  by  careful  cooling  of  the 
turbine  blades.  Cooling  techniques  such  as  convection,  impingement,  film,  transpiration 
or  thermal  barrier  are  applicable.  However,  the  designer  of  the  cooling  configuration  has 
also  to  consider  its  effect  on  the  aerodynamic  perfc.mance  of  the  turbine  because  cooling 
often  reduces  the  efficiency  of  the  blading. 

This  aspect  was  discussed  on  the  basis  of  cold  air  casc.ade  testing  by  several 
authors:  C.H.  Hauser  et  al .  til  summarized  the  comprehensive  test  .series  at  NASA  Lewis  on 
stator-vane  film  cooling  .simulation  with  the  result  that  the  additional  losses  due  to 
single  rov/  ejection  can  be  added  in  ort.er  to  obtain  the  loss  for  multi-rov:  ejection. 

S.  Ito  Gt  al.  C21  investigated  single-rovj  ejection  near  the  leading  edge  on  both  suction 
and  pressure  side.  Pure  trailing  edge  ejection  was  studied  by  O.  Lawaczeck  [33, 

C.H.  .gieverding  [47  and  G.W.  Michel  and  p.ll.  Kost  C5J  who  found  a  maximum  gain  in  effi¬ 
ciency  for  a  mass  flow  coefficient  of  cq  =  3  to  4%.  W.G.  Hess  C67  and  B.  Barry  173 
reported  on  both  suction/pressure  side  and  trailing  edge  ejection.  A  turbine  stage  was 
investigated  by  J.  McDonel  and  J.E.  Eiswerth  [83  with  i'ET  =  783  K.  A  cooled  vane/cooled 
blade  configuration  gave  a  turbine  thermodynamic  efficiency  of  compared  with 

nt'.i  =  0.865  for  the  solid  vane/solid  blade  configuration  ("discrete"  film  cooling, 

,  vane  =  5.0%,  =  8.15%). 

The  paper  presented  here  summarizes  the  influence  of  simulated  cooling  on  the  aero¬ 
dynamic  performance  of  an  advanced  turbine  blade.  This  Is  the  rotor  midsptn  section  of 
an  alternative  design  of  the  RH  199  HP  turbine  with  unshrouded  blades.  In  total,  the 
influence  of  Macli  number,  Reynolds  number,  degree  of  turbulence  and  inlet  flow  angle  v;as 
investigated  for  five  configurations  of  simulated  cooling.  Here,  the  design  case  and 
three  configurations  only  are  considered.  In  particular,  the  effect  of  ejection  holes  and 
coolant  jets  at  differenc  locations  around  the  blade  surface  on  the  blade  boundary  layer 
is  discussed. 


2 .  TEST  MODEL 

Tile  cascade  was  designed  for  two-dimensional  turning  of  A(?=100°  for  an  isentropic 
GXlt  Macli  number  of  Mj  ^  th  ”  ,  see  fig.  1  .  The  profile  coordinates  are  given  in 

table  1 .  Seven  blades  with  a  chord  lengtli  of  c  =  100  mm  were  Installed  in  the  test  section, 
liio  centre  blade  was  used  for  wake  traverse  and  boundary  layer  measurements,  whereas  the 
adjacent  blades  were  equipped  with  tappings  staggered  in  four  rows  along  18  mm  width  in 
the  midspan  region  of  the  blade.  After  the  implementation  of  these  measurements,  glass  win- 
dov/w  v;ere  installed  in  both  side  walls  for  Schlieren  observations. 

The  first  set  of  blades  consisted  of  solid  blades.  For  the  simulation  of  cooling, 
the  three  blades  in  the  centre  were  exchanged  for  hollow  blades.  This  restriction  to 
three  blades  is  permissible  because  the  variation  of  the  aerodynamic  parameters  is  mar¬ 
ginal  . 


A  second  set  of  three  blades  was  fitted  with  two  rows  of  holes  at  the  leading  edge 
and  with  slots  in  the  trailing  edge,  configuration  A,  see  fig.  2  and  table  2 .  Later  two 
additional  row.s  of  boles  were  drilled  on  the  suction  side  immedTately  downstream  of  the 
throat  and  on  the  rf;nr  pressure  side,  configuration  1). 

Finally,  a  third  set  of  three  blades  was  provided  with  three  rows  of  holes  in  the 
Leading  edge  region  but  no  sl.ot  in  tlic  trailing  edge,  configuration  E. 

All  holes  in  the  leading  edge  region  were  inclined  at  45”  with  respect  to  the  tur¬ 
bine  axis.  This  arrangement  reduces  the  danger  o).  ingestion  of  malristreeim  air  into  the 
blade  cavity  near  the  stagnation  point.  Further,  experiments  in  [17  showed  considerably 
better  cooling  effectiveness  in  the  case  of  such  compound  angle  arrangements. 

By  these  configurations  the  following  cooling  techniques  could  be  simulated: 

A  Film  cooling  of  front  part,  convection  cooling  of  roar  part  of  blade 
8  Film  cooling  of  large  parts  of  blade  surface,  convection  cooliiig  of  rear  part 
E  Film  cooling  of  front  part  of  blade  only. 

The  metal  blades  were  manufactured  by  HTU  Httnchen  from  aluminium  alloy.  A  check  of 
[lie  blade  contour  on  a  ZF.IS.g  nrofile  measuring  machine  -see  R.  Llndemann  [97-  showed 
values  for  average  and  standard  deviation  of  -0.1 5.  and  io.08  nmi  normal  to  the  surface, 
i.e.  the  metal  blade  Is  thinner  than  it  should  be.  Therefore,  the  true  throat  is  bigger 
thian  the  nominal  one,  see  table  3.  The  varlatxOn  of  the  average  throat  from  one  configu¬ 
ration  to  another  lies  v;ithin  0.1  mm. 


3. 


APPARATUS  AMD  TEST  PROGRAMME 


The  experiments  were  carried  out  in  the  High  Speed  Cascade  Wind  Tunnel  of 
Brauiiscliv/eiy  i  lOl.  This  facility  operates  continuously  and  allows  the  independent  vari¬ 
ation  of  Mach  number  and  Reynolds  number  by  changing  the  pressure  level  of  the  tank. 
Upstream  of  the  cascade  a  turbulence  grid  is  installed  in  order  to  produce  a  turbulence 
level  TU)  of  d  %  [11 J.  The  test  section  has  a  span  of  h  =  300  nm  and  an  adjustable  height  of 
Hi  =  250  to  500  mm.  Fig  ■  3  shows  a  view  of  the  blade  supports  arranged  for  cooling  sitriu- 
lation  and  Schlieren  observation.  The  mainstream  air  lias  a  total  temperature  of  313  K. 

The  coolant,  which  is  air  at  303  K,  is  delivered  from  a  separate  screw-compressor  power 
plant  station  [12]  and  fed  through  both  side  walls  into  the  three  hollow  blades.  The  mass 
flow  rate  was  measured  by  a  Venturi  nozzle  or  by  an  orifice  of  DIN  with  standard  instal¬ 
lation.  The  distribution  of  coolant  in  the  spanwise  direction  as  v;ell  as  over  the  three 
hollow  blades  v;as  checked  immediately  downstream  of  the  slots.  The  local  mass  flow  devi¬ 
ates  only  by  *31  from  the  average  value. 

For  the  wake  traverse  measurements,  a  wedge  probe  C10D  was  used  4o %  of  chord  axially 
downstream  of  the  blade  trailing  edge  plane.  The  average  values  were  evaluated  applying 
the  laws  of  conservation,  see  J.  Amecke  C13:  The  inclusion  of  the  coolant  into  the  loss 
coefficient  is  explained  in  the  appendix . 

The  boundary  layer  was  measured  by  flattened  Pitot  probes:  A  probe  of  0 . 1 5 x 1 . 30  Cmmi 
head  size  was  applied  at  (s/s^)s  =0.98  in  order  to  obtain  velocity  profile  and  integral 
quantity.  A  correction  v;as  applied  on  the  basis  of  a  comparison  with  flat  plate  experi¬ 
ments  and  the  law  of  the  wall  [143.  Another  probe  of  0.30x  0.80  Cmm3  was  moved  from 
(s/SQ)g=0.45  to  1.0  in  order  to  detect  boundary  layer  tr  insltion  C153.  All  boundary 
layer  data  vjere  calculated  under  the  assumption  of  con  -.tai.t  static  pressure  across  the 
boundary  layer. 

From  the  surface  pressure  distribution,  the  surface  Mach  number  distribution  was 
evaluated  with  the  assumption  of  constant  total  pressure.  Schlieren  observations  were 
made  using  a  Comb.i  Spark  flash  with  200  ns  half-intensity  period  and  two  concave  mirrors 
(14  arrangement) . 


4.  COOLANT  CONDITIONS 


According  to  the  individual  muss  flow  coefficients  in  ^able  2  the  total  values  at 
design  should  be  as  follows: 


Configuration  A  =  3.2  % 

Q,tot,nom 

D  5.2  % 


E  1.2% 

Tests  were  carried  out  at  eg, tot  ”  0.5,  1.0  and  1.25  times  the  above  mentioned  design 

values,  In  order  to  check  the  individual  mass  flow  coefficients  of  each  row  of  ejection, 
the  following  procedure  was  applied:  First  the  slots  1.6  were  kept  open  only  and  all  the 
other  ejection  holes  v;ere  blocked.  The  total  pressure  poc  of  the  coolant  which  was  meas¬ 
ured  in  the  hollov/  centre  of  the  blade  at  ./ascade  design  flow  conditions  was  plotted  ver¬ 
sus  the  measured  total  mass  flow  coefficient,  in  a  seconu  step  the  holes  of  one  row  i 
were  opened  and  the  results  were  plotted  again.  Now  the  difference  of  the  two  Cg^tot 
values  at  =  const,  yields  the  individual  mass  flow  coefficient  Cqj^  . 

This  procedure  was  continued  for  the  other  cases.  It  was  also  found  that  the  total 
pressures  measured  in  thi.  ■  ivities  of  one  blade  were  equal,  and  that  the  pressures  in  all 
three  blades  were  the  same. 


Fig .  4  shows  how  the  coolant  total  pressure  Pq,.  rises  with  the  total  mass  flov: 
coefficient.  When  the  location  of  the  stagnation  point  coincides  with  that  of  an  ejection 
row,  mainstream  air  is  blown  Into  the  blade  for  Cg  <  0.4%  at  configuration  E,  4.2%  at 

A  and  6 . 2  %  at  C.  For  p^,,  =  const,  different  mass  flow  rates  can  be  obtained  depending  on 
surface  pressure,  cross 'sectional  area  and  coolant  loss  of  the  individual  ejection  row. 


This  figure  shov;s  also  that  considerable  mass  flow  rates  can  be  ejected  with  a  coo¬ 
lant  total  pressure  which  is  lower  than  the  mainstream  total  pressure  Pol  ,  although  a 
small  amount  of  the  ejected  coolant  consists  of  air  ingested  at  the  leading  edge,  see 
fig.  5 . 

The  results  of  the  calibration  tor  the  individual  mass  flow  coefficients  are  plotted 
Ln  fig,  5.  Mainstream  air  is  blown  into  the  blade  at  the  ejection  tov/s  1.1  and  1.2  for  con¬ 
figuration  A,  at  1.1,  1.2  and  1.7  for  D  and  II. 1  and  II. 2  for  E  as  shown  by  the  shaded 
areas  ('.SUCTION")  .  As  an  example:  In  the  case  of  D,  Cg^j.^^.  =  0,  there  is  suction  (negative) 
or  ejection  (positive)  of  the  following  mass  flov/  rates: 

'^Q.tot  “  ‘■'qI  *  '-'02  ‘''q3  ^  ^'qC  ^ 

=  -  O.30  -  0.55  +  0.25  +  1.10  -  0.50  =  O 

A  comparison  with  the  individual  nominal  values  shows  t):at  the  design  flow  rates  could 


not  be  obtained  in  some  cases.  There  Is  too  much  coolant  through  the  slots  1.6  and  too 
little  through  the  leading  edge  rows.  I.l  and  1,2  (A  and  B) ,  i.e.  the  important  leading 
edge  cooling  could  not  be  achieved.  The  other  rows  deliver  sufficient  coolant,  such  as 
1.3  and  1.7  for  B  and  II. 1,  II. 2  and  11.3  for  E.  That  means  that  E  would  provide  the 
designed  leading  edge  cooling. 

T)ie  situation  could  be  improved  in  the  following  way: 

a)  Change  of  row  location  -  change  of  surface  pressure  p(s/s^) 

b)  Change  of  geometry  of  the  holes  connecting  the  two  cavities  within  the  hollow 
blades,  see  fig.  2  -  change  of  individual  coolant  total  pressure  ^ 

c)  Ch.inge  of  cross  sectional  area  of  individual  row  -  change  of  individual  mass 
flow  rate  Cq^ 

d)  Change  of  ratio  area/length  of  individual  row  -  change  of  individual  coolant 
flow  loss 


5 .  HESULTS 

The  results  reported  herein  concern  only  the  design  conditions,  B.  =  37.9'’, 

^*2,th  “  0.985,  Roj  "  ‘  10®.  The  aerodynamic  behaviour  of  the  cascade  with  simulated 

cooling  is  discussed  on  the  basis  of  surface  Mach  number  distributions,  Schlieren  pic¬ 
tures,  boundary  layer  and  v/ake  traverse  data. 


5.1  Surface  Mach  number  distributions 

The  surface  Mach  number  di.stribution  was  predicted  for  the  solid  blade  by  a  ti.me- 
raarching  method  after  H.-W.  Happcl  i;l63,  see  fig.  6 .  There  it  can  be  compared  with  exper¬ 
iments  on  the  solid  blade  and  on  cooling  configuration  A.  The  result  of  the  invi.scid 
calculation  based  on  the  true  profile  coordinates  agrees  quite  v/ell  v/itb  the  Mach  number 
distribution  of  the  solid  blade.  The  calculated  shock  position  is  in  good  agreement  with 
the  test  results.  The  measured  lower  peak-Macb  number  is  caused  by  the  shock-boundary 
layer  Interaction  which  triggers  a  laminar  separation  bubble.  Better  agreement  is  found  by 
comparison  v;ith  oonf Iguratlons  D  and  E.  In  these  cases  the  separation  is  suppressed  due 
to  the  different  structure  of  the  boundary  layer  as  will  be  shown  later.  In  any  case  the 
flow  Is  supersonic  along  the  rear  three  quarters  of  the  suction  s.ids.  Unfortunately, 
dQftot  “  0  %  has  not  been  measured.  The  results  for  OQ,tot  "  1 .6  %  and  3.2 t look  very  simi¬ 
lar  to  1.0 t  .  They  are  omitted  here  for  clarity. 

The  measured  values  of  M  show  a  step  in  the  deceleration  following  the  peak  value 
of  M,  This  Is  characteristic  of  a  laminar  boundar,  layer  undergoing  a  separation, 
followed  by  transition  and  reattachment.  Taken  together  y/ith  evidence  discussed  in  sec¬ 
tions  5.3  and  5.5,  it  is  possible  to  deduce  that  the  boundary  layer  is  laminar  up  to 
s/So  ^  0.63,  and  that  the  roughness  of  the  ejection  holes  at  1.2  does  not  provoke  tran- 
■SiUion.  The  trailing  edge  ejection  clearly  influences  the  M  distribution  on  the  rear 
suction  surface,  displacing  the  local  shock. 

The  experimental  M  distributions  of  configuration  B  (rows  1.3  and  1.7  in  addition 
to  A)  are  shown  in  fig.  7 .  The  pressure  side  varies  very  little,  i.e.  the  coolant  is 
mixed  quickly  with  the  mainstream  air  due  to  the  strong  favourable  pressure  gradient. 
However,  the  effect  of  coolant  around  the  location  I . 3  on  the  suction  side  is  quite 
clear:  the  flow  is  retarded  upstream  and  accelerated  downstream  relative  to  the  condition 
of  the  solid  blade.  Secondly,  n  liiqlier  peak  Mach  number  Is  obtained  for  all  flow  rates 
of  13  including  Cg^j-Qt  =  0%  .  Downstream  of  that  point,  the  K  distribution  does  not  show  a 
step  like  the  solid  blade.  The  local  mass  flow  coefficient  amounts  to  CQ3  = O . 3  to  0.9  t, 
see  fig.  5  and  causes  transition  before  the  location  of  M^ax  is  reached. 

The  corresponding  surface  Mach  number  distributions  of  configuration  E  (ejection 
only  in  the  leading  edge  region)  arc  plotted  in  fig.  8.  bocal  acceleration  is  visible 
dov/nstream  of  the  locations  II. 1  and  11.3.  In  the  range  of  to  1.5  t  ,  the  local 

mass  flow  coefficient  amounts  to  cq3  =  0.3  to  0.5%  ,  see  fig.  5,  and  gives  rise  also  to 
transition  of  the  suction  side  boundary  layer  recause  the  M  distribution  in  the  rear  half 
looks  similar  to  that  of  B.  There  is  no  separation  associated  with  the  shock. 


5.2  Base  pressure 

The  relative  base  pressure  py,  was  plotted  versus  the  total  mass  flow  coefficient  in 

^H_. 9.  The  base  pressure  lies  close  to  the  back  pressure  pf;  for  the  solid  blade  and  for 

configuration  E.  Ilowcver,  when  coolant  is  ejected  through  the  trailing  edge  as  for  A 
and  U,  the  base  pressure  is  considerably  higher:  the  mainstream  air  is  displaced  by  the 
jet  and  the  sLroa:nline  curvature  becomes  concave.  The  maximum  Mach  number  of  the  trailing 
edge  jut  was  evaluated  to  be  0.80  and  therewith  lower  than  the  base  Mach  number  of  0.92 
in  tliat  case.  Tlie  outer  flow  entrains  a  part  of  the  bleed.  The  scome  tendency  of 
pc  =  f  (cq)  was  shown  by  G.W.  Michel  and  F.H.  Kost  t51,  fig.  11,  and  by  C.H.  Sieverdiiig 
111,  fig.  12  and  11.  The  latter  obtained  a  maximum  increase  in  base  pressure  coefficient 
°t  (Pb  “  P(*)/0.5  (<2^2^111  “  0.15  with  pj  for  no  bleed.  This  value  agrees  well  with  0.16  in 
our  case  (D,  Cg^j..^^.  2.6%  ,  p*  from  solid  blade  because  egg  =  O  %  was  not  measured). 
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5.3  Schiioren  pictures 

Fiq.  10  to  12  show  Schlieren  photographs  of  the  configurations  h,  B  and  E  for  the 
miniraiim  and  maximum  total  mass  flow  coefficient.  The  two  centre  passages  are  formed  by 
blades  with  simulated  film  cooling  and  show  nearly  identical  flow  behaviour.  However, 
the  middle  of  the  suction  side  of  the  upper  blade  is  characterized  by  a  stronger  shock 
configuration  originated  by  the  trailing  edge  of  the  adjacent  solid  blade  which  cannot 
be  seen  in  these  photographs.  This  stronger  shock  agrees  with  the  higher  Mach  number 
gradient  of  the  solid  biade  at  (s/s^jg  =  0.65  to  0.75  compared  with  that  of  the  blades 
with  simulated  cooling,  see  fig.  6  to  8.  The  laminar  bubble  due  to  shock  boundary  layer 
interaction  at  this  location,  also  seen  in  the  Mach  number  distribution  on  fig.  6,  is 
visible  best  on  the  lo..er  blade  in  fig.  10.  The  trailing  edge  jet  is  hard  to  see  at 
cq  tot  -  O*  (left-hand  photographs  in  fig.  If)  and  11)  because  of  the  low  local  mass  flow 
coefficients  of  CQg  =  1  t  .  It  can  be  observed  clearly  at  Cq  ^ot  max  (right-hand  photo¬ 
graphs  in  fig.  lo'^and  11)  because  of  CQg  =  4%  .  The  strengtft  or  the  tailing  edge  shock 
on  the  suction  side  is  reduced  with  increasing  values  of  (left  to  right  in  fig.  10 

and  11)  due  to  the  change  of  streamline  curvature  and  Mach  number  gradient,  compare 
fig.  7. 

Tn  the  lower  passage  of  fig.  10,  light  lines  are  visible  at  (s^Solg  =  0.48,  0.53, 

0.87,  0.90  and  0.93  which  can  be  identified  as  Mach  li,  es.  Their  inclinations  with 
respect  to  tlie  suction  surface  yield  Mach  numbers  v;hich  agree  with  those  derived  from 
the  surface  pressure  distribution  andpo^.  These  Mach  lines  were  caused  by  the  pressure 
tappings  which  act  as  small  local  disturbances. 

Fig.  11  shows  the  different  local  flow  behaviour  around  the  location  1.7  on  the 
pressure  side:  Left  black  and  white  because  of  Cq-j  =  -0.5%  (suction),  right  black  because 
of  CQ7  “  +1  %  (ejection) ,  but  the  jet  itself  cannot  be  seen. 

The  solid  t.e.  of  configuration  E  in  fig.  12  produces  another  shock  configuration: 

A  clear  line  starts  from  the  wake  “throat**  and  meets  the  suction  side  of  the  a.'ljacent  blade 
with  no  bubble  generation.  The  boundary  layer  is  clearly  thicker  at  the  trailing  edge  on 
the  suction  side  for  hot):  B  and  E  in  comparison  with  A  v/hich  agrees  with  the  Mach  number' 
distributions. 

Although  the  shock  behaviour  is  unsteady  in  transonic  cascade  flow,  repeated  schlie¬ 
ren  photographs  showed  consistency  of  the  shock  configurations.  The  calculated  shock 
position,  see  fig.  13,  corresponds  quite  well  with  the  Schlieren  picture  in  figs.  11  and 
12. 


5.4  Boundary  layer  of  blade  suction  side  near  trailing  edge 

The  velocity  profiles  at  (s/s^jjg  =  0.98  were  plotted  in  fig.  1  < .  The  boundary  layer 
thickness  6  with  w/w^  =  0.99  is  as  follows  (CQ,tot  '  ‘ 

Configuration  A  5  =  1 .7  mm 
B  2 . 5  mm 

E  2.4  mm 

This  tendency  agrees  with  the  observation  in  the  Schlieren  pictures.  The  influence  of 
cq  tot  small  for  each  configuration,  >.ut  it  affects  the  shape  of  the  velocity  pro¬ 

file  in  the  inner  part  of  the  boundary  layer.  The  fuller  shape  Indicates  a  turbulent 
boundary  layer  wit(i  no  separation. 

The  n omentum  thickness  dy  ^n  fig.  15  behaves  similar  to  S:  little  variation  with 
Cq  tot  ^Bd  B  and  E  are  roughly  50  %  higher  than  A.  This  verifies  again  the  similar  suction 
siie  boundary  layer  behaviour  due  to  ejection  on  the  front  part  of  this  surface  for  the 
configurations  B  and  E. 

The  shape  factor  in  the  lower  diagram  of  fig.  15  indicates  a  turbulent  boundary 
layer.  'Che  high  level  of  Hi  2  fot  A  at  high  Cq  tot  s*>bwe  that  the  boundary  layer  is  not 
Far  from  separation  due  to  the  displacement  ot  the  main  streamliries  by  the  trailing  edge 
jet.  Suction  side  ejection  (configuration  B)  promotes  stability,  see  the  lower  H12  values. 
Configuration  E  possesses  the  most  stable  boundary  layer  because  Hi 2  lowest. 


5.5  Tran.sitlon  measured  by  a  traversing  probe 

The  typical  change  of  the  shape  of  tne  vCiOcity  profile  was  used  In  order  to  detect 
boundary  layer  transition,  see  r153.  Care  has  to  be  taken  when  compression  shocks  inter¬ 
act  with  the  boundary  layer.  Results  from  ‘rwo  other  experiments  are  discussed  first,  in 
order  ti,  illu.strate  the  principle  of  the  method  clearly. 


5.5.1  Examples  of  flat  plate  and  airfoil 

Daia  from  laminar  and  turbulent  shock  boundary  layer  transition  on  a  flat  plate  of 
1  =  550  mm  with  pressure  gradient  are  taken  from  the  "classic"  work  of  J.  Ackeret  et  al. 
1171,  test  I  and  III,  and  shown  here  in  fig.  16.  The  second  example  concerns  an  investi¬ 
gation  of  11.  Sobieezky  and  E.  Stanewsky  r  18:i  on  the  airfoil  CAST  10-2  of  c  =  200  mm. 
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see  fi<j.  17. 

In  the  upper  diagrams,  the  boundary  layer  is  laminar  at  the  suction  peak  (x  =  150  mm 
in  fig.  16,  x/c  =  0,42  in  fig.  17)  for  the  following  reasons; 

-  The  surface  pressure  distributions  p/Pq  and  Cp  show  a  step  dovinstream  of  this 
location  due  to  bubble  separation.  The  location  of  the  kink  at  the  end  of  the 
step  coincides  with  the  location  of  the  minimum  in  the  near  wall  velocity  or 
Mach  number . 

-  The  near  wall  velocity  WQ^gyv;^  and  the  neat  vjall  Mach  number  Mo_i  might  be 
negative  or  close  to  zero  in  the  bubble  region.  Tlie  difference  between  the 
local  minimum  and  maximum  Mach  number  is  large,  e.g.  ilM{)  ■]  =  0.53  in  fig.  17. 

-  Around  the  location  of  the  critical  pressure  ratio,  both  surface  pressure  and 
near  wall  Mach  number  rise. 

-  The  shape  factor  Hi  2  of  the  velocit'  profiles  reaches  very  high  values  in  the 
bubble  region,  see  fig.  16. 

-  Typical  laminar  velocity  profiles  ato  shown  in  1171,1181.  i-shocks  are  indi¬ 
cated  iji  rl71. 

Transition  onset  is  defined  by  the  end  of  the  pressure  plateau  which  agrees  with  the 
location  of  Ho.l,min  rn  fig.  17.  Transition  ends  at  the  location  of  Mo.i,max  because  the 
near  wall  Mach  number  and  the  velocity  profile  as  well  change  steadily  further  down¬ 
stream.  In  fig.  16,  transition  ends  approximately  at  x  =  260  mm  as  deduced  from  the 
velocity  profiles  given  in  1171. 

Very  high  values  of  the  shape  factor  *re  also  shown  in  t191  around  the  transi¬ 
tion  point  in  the  case  of  bubble  transition.  There  very  good  agreement  in  the  results  of 
probe  measurements  and  of  laser-Dopplet  application  was  obtained. 

In  tlie  lower  diagi.an  of  fig.  16,  the  case  for  Increased  Reynolds  number  is  shown  and 
Lite  boundary  layer  is  now  turbulent  at  the  location  of  the  suction  peak,  x  =  200  mm.  In  fig. 
17  the  lower  diagram  shows  the  case  where  transition  is  forced  by  Carborundum  grit  at 
x/c  =  0.15.  The  turbulent  boundary  layer  is  verified  by  the  following  items; 

-  There  is  no  pressure  step  indicating  separation  as  in  the  caso  of  the  laminar 
boundary  layer. 

-  The  minimum  of  the  near  wall  velocity  and  Mach  number  lies  clearly  above  zero. 

It  occurs  at  the  location  of  the  critical  pressure  ratio  or  somewhat  downstream. 
The  difference  between  the  local  minimum  and  maximum  Mach  number  is  less  than 
in  tlie  laminar  case,  e.g.  'iMq,!  =  0.20  in  fig.  17. 

-  Around  the  location  of  the  critical  pressure  ratio,  the  surface  pressure  rises 
but  the  near  wall  Mach  number  falls, 

-  Tlie  shape  factor  changes  to  a  smaller  extent  in  the  region  of  the  critical 
pressure  ratio. 

-  Typical  turbulent  velocity  profiles  ate  shown  in  CI71,  t18].  The  Schlieren 
pictures  in  1171  indicate  no  X-shock. 

The  above  criteria  were  used  to  assist  the  Investigations  on  the  cascade  in  order  to 
detect  boundary  layer  transition. 


5.5.2  Transition  of  the  blade  boundary  layer 

The  traversing  probe  results  along  the  blade  suction  side  are  shown  in  f  ig .  18  to  2.0. 
For  convenience,  the  ratio  of  dynamic  heads 

g(n  =0.15)  Pq'”  "P 


'  wan  plotted  rather  than  w/w„.  The  left-hand  diagram  of  fig.  18  shows  the  typical  transi¬ 

tion  behaviour:  Minimum  of  q/g„  close  to  zero  and  close  to  the  location  of  the  incident 
t  shock  in  the  Schlieren  photograpli  (fig.  10,  (s/s  )c  -  0.65),  followed  by  a  rise  to  a 

1;  maximum.  Therefore  the  transition  is  defined  to  take  place  between  (s/s  )_  =  0.61  and 

f  0.82.  At  higher  ejection  flow  rate,  the  behaviour  is  less  clear,  see  right-hand  diagram 

p  in  fig.  18:  The  minimum  i.s  wider  so  that  the  definition  of  the  location  of  transition 

fe  onset  becomes  more  difficult.  The  g/g„  minimum  lies  on  a  higher  level  and  the  difference 

Sr  maximum-minimum  is  smaller.  The  rise  in  q/q  ^  from  (s/s  )„  -  0.80  to  0.87  occurs  in  paral- 

Kj  Ic^  to  an  increase  in  surface  Mach  number  wfiich  does  not  correspond  to  tiic  behaviour  of 

laminar  shock-boundary  layer  interaction  In  fig.  17.  As  the  Mach  number  distribution 
e  shows  a  stop  with  a  kink  at  (s/s  )„  =  0.65  and  the  Schlieren  picture  a  bubljlc,  the  right- 

IR  hand  curve  in  fig.  18  is  explalned°wlth  tranfjitlon  approximately  at  (s/s  )g  =  0.65  as  in 

f  the  case  of  ^  =  0  %  but  with  reduced  length  of  the  transition  range. 
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The  shape  o£  the  left-hand  curve  for  configuration  B  in  fig.  19  looks  similar.  The 
minimum  is  close  to  the  location  where  nearly  sonic  condition.s  are  reached  (fig.  7, 

(s/s  )g  =  0.77)  .  Immediately  upstream,  <l/q„  drops  down  while  the  surface  pressure  rises. 
In  agreement  with  the  discussion  about  the^Mach  number  distributions  and  the  Bchlieren 
pictures,  it  is  indicated  that  transition  has  already  occurred  upstream  of  the  point 
(s/s^jg  =  0.45.  There  the  traversing  probe  could  not  be  applied  because  of  the  high  cur- 
vature'^of  the  blade  suction  surface.  The  increase  in  q/q„  between  (s/s^)g  --  O  75  and  0.87 
is  caused  by  thinning  of  the  turbulent  boundary  layer  due  to  the  local  acceleration , 
compare  fig.  7  as  well  as  K.  Bammert  and  H.  Sandstede  1201.  In  the  right-hand  diagram  of 
fig.  19,  the  plateau  of  q/q  between  (s/s  )„  =  0.78  and  0.88  corresponds  to  the  plateau 
of  tie  surface  pressure  in  fig.  7.  The  shock  strength  decreases  slightly  with  increasing 
ejection  flow  rate  as  can  be  seen  from  the  Schlieren  pictures. 

Tie  minima  in  fig.  20  for  co.nf iguration  E  lie  on  a  low  level,  and  the  difference 
between  the  local  minimu.n  and  maximuin  is  considerable.  However,  the  minimum  lies 
clearly  downstream  of  the  suction  peak  In  fig.  8.  The  steep  decrease  between 
(s/s  )g  =  0.58  and  0.68  agrees  with  the  fall  in  surface  Mach  number  and  with  the  dis¬ 
tinct  shock  in  fig.  12.  The  following  rise  in  near  wall  dynamic  head  up  to  (s/B^)g  =  0.93 
indicates  a  thinning  of  the  boundary  layer  due  to  the  acceleration  shown  by  the°surface 
M  distribution.  The  final  drop  in  q/q^  agrees  again  witli  the  steep  M  fall  and  with  ttie 
trailing  edge  shock  in  the  Schlieren  photograph.  This  behaviour  indicates  that  transition 
occurs  again  upstre2un  of  the  range  considered  in  fig.  20,  l.e.  probably  already  by  the 
jets  at  the  location  II. 3. 


All  boundary  layer  measurements  were  found  to  be  in  the  subsonic  range,  i.e.  the 
local  Mach  number  lies  below  unity  except  the  velocity  profiles  in  case  E,  see  fig.  14. 
Here  M(n)  =  1  is  obtained  at  n/c  =  0.026  for  c„  .  .  =  o  t and  at  n/c  =  0.029  for 
c  =15*  U,  tot 

''(5, tot  1  • 


5.6  Hake  traverse  results 

The  loss  coefficients  defined  in  the  appendix  are  plotted  on  fig.  21 .  The  loss  coef¬ 
ficient  does  not  take  Into  account  the  coolant  energy  in  the  inlet  plane.  falls 
wltli  increasing  total  mass  flow  coefficient  for  all  configurations.  At  E,  the  coolant 
total  pressure  is  mostly  Higher  than  the  mainstream  total  pressure,  compare  fig.  4,  so 
that  the  average  downstream  total  pressure  may  increase  a  little  for  this  reason  with 
°Q(tct-  A  and  B,  poc  is  mostly  lower  than  P^i »  the  wake  is  filled  mors  and  more 
by  the  trailing  edge  jets  resulting  in  a  relative  increase  of  exit  total  pressure  as 
well.  G.W.  Michel  and  F.ll.  Kost  c53  observed  that  strong  vortices  are  generated  by  a 
thick  solid  trailing  edge  in  combination  with  low  base  pressure,  and  the  action  of  trai¬ 
ling  edge  jets  results  in  a  relative  increase  in  exit  energy. 

The  results  of  tg  show  that  the  available  exit  energy  exceeds  the  primary  inlet 
energy  for  Cg^tot  ^  3 . 2  *  at  A  and  4.2%  at  B.  In  any  case,  the  average  exit  total  pressure 
is  lower  than  the  inlet  total  pressure.  The  loss  of  B  Is  higher  than  that  of  A  by 
45g  =  0.012  due  to  the  additional  suction  and  pressure  side  ejection.  The  losses  of  B  and 
E  at  CQ,tot  “  0  %  are  higher  than  those  of  the  solid  blade  because  coolant  is  ejected  on 
the  suction  side  (cgg  =  0.3  %  at  B,  cq3  =  0.3%  at  E)  . 

The  loss  coefficient  ?§  takes  into  account  the  energy  of  the  coolant  after  leaving 
the  coolant  channels.  Hence,  this  coefficient  describes  best  the  aerouynamlc  loss  due  to 
cooling  simulation.  The  loss  coefficient  can  be  reduced  at  A  and  B  with  dg^totjnpm 
relative  to  the  solid  blade  due  to  the  filling  of  the  wake  by  the  trailing  edge  gets. 

E  is  worst  because  the  loss  increase  due  to  leading  edge  ejection  cannot  be  compensated 
by  any  favourable  trailing  edge  jets  as  in  the  cases  A  and  B. 

t'lnally,  tlie  loss  coefficient  tgg  includes  the  losses  in  the  narrow  coolant  channels 
Inside  the  blade.  Therefore,  f,§g  exceeds  fg,  in  particular  at  tlic  configuration  A  and  B 
because  of  the  high  jet  Mach  number  and  the  length  of  the  slots.  A  has  the  same  value  as 
the  solid  blade,  while  B  and  E  produce  higher  losses  in  this  definition. 

It  was  stated  by  C.ll.  Hauser  et  al.  rl3  that  additional  losses  occur  by  ejection  on 
suction  and  pressure  surface.  Though  it  depends  on  the  surface  pressure  distribution  and 
on  the  local  flow  rate,  the  order  of  magnitude  found  in  C1.1  agrees  with  the  results 
presented  here;  For  nominal  conditions,  there  Is  an  Increase  li.  t§s  from  A  to  B  by 
'iCss  “  0.008  due  to  ejection  at  1.3  and  1.7.  There  is  also  an  Increase  from  the  solid 
blade  to  E  by  Af.Ss  "  0.007  due  to  ejection  at  II. 1,  II. 2  and  II. 3.  The  loss  minimum  for 
single  trailing  edge  ejection  found  by  O.  Lawaczeck  C3.1  and  by  G.W.  Michel  and  F.H.  Kost 
15]  with  Cg  -  3  to  4  %  agrees  with  the  minimum  observed  here,  one  =  3  %  (Cg  =  2  %  at  A 
and  3  %  at  C) .  “ 

The  measured  exit  flcv;  angle  of  the  solid  blade  agrees  with  the  nominal  one,  see  fig.  22. 
With  cooling  simulation,  is  lower  because  of 

-  trailing  edge  ejection  at  an  even  lower  angle  (A  and  B) 

-  the  thicker  suction  side  boundary  layer  (ejection  by  1.3  at  D  and  II. 3  at  E) . 

Trailing  edge  ejection  causes  also  the  decrease  of  83  with  increasing  total  mass  flow 
coefficient  iA  and  D) .  The  maximum  deviation  with  respect  to  the  solid  blade  is  obtained 
with  AB2  =  1.3"  for  B  at  maximum  Cq 
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6.  CONCLUSIONS 

The  aerodynamic  behaviour  of  an  advanced  gas  turbine  rotor  cascade  was  investigated 
under  the  influence  of  simulated  cooling.  The  tests  were  carried  out  in  the  High  Speed 
Cascade  Wind  Tunnel  of  DFVI.U  Braunschweig  at  =  37.9°,  M2th  “  0.985,  He2  =  8.4  •  10^, 

Tui  =  4  %  .  Cold  air  was  used  as  "coolant"  and  ejected  at  several  locations  on  the  suc¬ 
tion  and  pressure  sides  and  through  the  trailing  edge  as  v/ell.  The  following  three  con¬ 
figurations  were  investigated: 

A  Two  locations  in  the  leading  edge  region,  slots  in  the  trailing  edge 

n  One  additional  location  on  both  suction  and  pressure  side 

r:  Three  locations  in  the  leading  edge  region  only 

At  Bi  a  maximum  total  mass  flow  rate  of  '^Q^tot  ~  6.6%  was  ejected.  From  surface  Mach 
number  distributions,  boundary  layer  and  wake  traverse  measurements  as  v'ell  as  from 
Schlieren  observations  it  is  concluded: 

1  .  The  nominal  ejection  flow  rate  of  A  and  B  requires  a  coolant  cavity  pressure 
of  92  or  95  %  of  the  mainstream  total  pressure.  However,  the  leading  edge  can¬ 
not  he  served  by  a  coolant  film  because  mainstream  air  is  sucked  into  the 
cavity.  Leading  edge  film  cooling  is  obtained  at  E  but  a.  higher  pressure  of 
Poc/Pol  “  1 -OS  has  to  be  provided. 

2.  The  roughness  due  to  tlie  ejection  holes  near  the  leading  edge  doer  not  in¬ 
fluence  the  blade  boundary  layer  behaviour.  Case  A  is  characterized  by  laminar 
shock  boundary  layer  interaction  and  by  a  thin  suction  side  boundary  layer  near 
the  trailing  edge. 

3.  Ejection  at  the  throat  location  on  the  suction  side,  (s/solg  =  0.29,  causes 

boundary  layer  transition  (case  B) .  Individual  ejection  flow  rates  of 

Cgj  =  0.3  to  0.9%  double  the  momentum  thickness  measured  on  the  suction  side 
near  the  trailing  edge. 

4.  Ejection  at  the  suction  side  in  the  leading  edge  region,  (s/so)p  =  0.018, 

causes  transition  as  well  (case  E) .  The  momentum  thickness  is  of  the  same 

order  of  magnitude  ar,  at  B. 

5.  The  trailing  edge  jets  give  rise  to  a  certain  displacement  of  the  rear  blade 
boundary  layer  which  is  verified  by  the  increased  base  pressure  relative  to 
the  solid  blade.  However,  a  part  of  the  wake  is  filled  by  the  trailing  edge 
jets  so  that  the  energy  content  in  the  exit  plane  increases  with  increasing 
ejection  flow  rate  and  can  exceed  the  mainstream  energy  level  in  the  iniet 
plane  (cases  A  and  B) .  Hence  trailing  edge  ejection  of  Cgg  =  0  to  4  %  is  fa¬ 
vourable  . 

6.  The  energy  balance  is  also  influenced  by  the  level  of  the  coolant  total  pres¬ 
sure.  The  inlet  energy  level  of  E  is  higher  than  that  of  the  solid  blade  be¬ 
cause  Poc  is  mostly  bigger  than  p^^j ,  but  it  is  lower  at  A  and  B  because 

is  mostly  smaller  than  Poi . 

7.  The  energy  losses  are  defined  by  the  coefficients  Cg,  CS  and  t§s  which  con¬ 
sider  the  coolant  energy  in  different  ways: 

-  Coolant  energy  not  taken  into  account  (^g) 

-  Energy  at  the  end  of  the  coolant  channels  entering  the  blade  passage  ( tg) 

-  Energy  in  the  cavity  inside  the  blade  itgg)  ■ 

Cgg  can  be  50  %  higher  (li  and  E)  than  for  the  solid  blade. 

8  The  exit  flow  angle  is  up  to  1.3°  lower  than  that  of  the  solid  blade  due  to 
trailing  edge  ejection  at  an  even  lower  angle  with  respect  to  the  cascade  axis 
(A  and  D) ,  and  due  co  the  thicker  suction  side  boundary  layer  by  ejection  at 
(s/So)g  =  0.29  (B)  and  (s/S(,)p  =  0.018  (E)  . 
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APPENDIX 

DEFINITION  OF  THE  LOSS  COEFFICIENTS 


The  aerodynaiuic  loss  of  tho  flov;  through  the  cascade  is  expressed  by  the  ratio  of 
cnergiGS.  The  energy  of  the  coolant  is  not  included  at  the  inlet  plane  in  the  para¬ 
meter 
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When  the  coolant  energy  is  also  included  in  the  inlet  plane,  another  parameter  i,*  is 
defined: 


=  1  - 


(0.5  +E  (0.5 

Here  it  is  assumed  that  the  total  tenperatures  of  mainstream,  coolant  and  mixed  out  flow 
are  approximately  equal,  -  T.^2*  Pq  i  individual  jet  total  ^pressure 

and  is  evaluated  by  the  surtace  pressure  pH  the  total  ejection  mass  flow  rate  1T13  meas¬ 
ured  at  the  orifice,  the  jet  total  temoerature  T  and  the  sum  of  the  cross  sectional 
areas  of  all  ejection  holes  and  slots  of  one^Iocation  i: 
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is  known  from  the  calibration#  see  fig»  5: 


(A-4)  =  CQi/=Q,tot 

Hence  tS  does  not  take  into  account  the  pressure  loss  in  the  coolant  channels.  This  is 
considered  in  Cjg  which  agrees  with  the  definition  given  In  eqn.  (A-2)  except  that 
D  ....  is  exchanged  for  the  cavity  pressure  p_„. 

^Oi3et,l  oe. 

This  parameter  f,5g  is  directly  related  to  the  "thermodynamic  efficiency"  ai-  and 
of  B.  Barry  i7]  and  of  NASA  Lewis  r21i  and  it  agrees  with  the  definition  of  f,  of 
O.  Lawaczeck  C3l.  In  similar  way»  Cg  of  egn.  (A-1)  is  connected  with  the  "performance 
efficiency"  Hp  of  B>  Barry  and  with  the  "primary-air-efficiency"  of  NASA.  It  holds: 


(A-6)  fg  =  1  -  Bp 


O.  lOOOOE  03 
0.99650E  02 
0.98950E  02 
0.98000E  02 
0.97000E  02 
O.96000E  02 
0.94910E  02 
0.93600E  02 
O.91Q00E  02 
0.88530E  02 
0.84000E  02 
O.8081OE  02 
O.7e00OE  02 
0.74460E  02 
0.72000E  02 
0.69020E  02 
0.66000E  02 
0.63160E  02 
0.60000E  02 
0.57330E  02 
0.54000E  02 
0.5U30E  02 
0.49000E  02 
0.46980E  02 
0.43820E  02 
0.41050E  02 
0.37230E  02 
0.34100E  02 
O.32600E  02 
0.30530E  02 
0.29000E  02 
0.27370E  02 
0.26000E  02 
0.23580E  02 
0.22000E  02 
0.20280E  02 
0.18000E  02 
0.16170E  02 
0.14000E  02 
0.11930E  02 
O.IOOOOE  02 
0.79600E  01 
0.64000E  01 
0.47000E  01 
0.38000E  01 
0.28100E  01 
0.20000E  01 
0.11600E  01 
0.80000E  00 
0.35000n  00 
O.IOOOOE  00 
0.50000E  01 
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0.22400E  01 
0.31700E  01 
0.39000E  01 
0.438OOE  01 
0.489OOE  01 
0.53800E  01 
0.59000E  01 
0.65800E01 
0.78300E  01 
0.90200E  01 
0.11160E  02 
0.12600E  02 
0.  13880E  02 
0.15470E  02 
0.16S30E  02 
0.17890E  02 
0.19180E  02 
0,20350E  02 
0,21630E  02 
0.22670E  02 
0.238SOE  02 
0.24740E  02 
0.25460E  02 
0,26070E  02 
0.26910E  02 
0.27610E  02 
0.23350E  02 
0.28810E  02 
0.29000E  02 
0.29240E  02 
0.29320E  02 
0.294OOE  02 
0.2942OE  02 
0.29350E  02 
0.29200E  02 
0.29000E  02 
0.28600E  02 
0.28140E  02 
0,2741OE  02 
0.26520E  02 
0.25560E  02 
0.24220E  02 
0.22920E  02 
0.21 230E  02 
0.20060E  02 
O.1055OE  02 
0.17070E  02 
0.15230E  02 
0.14200E  02 
0.12020E  02 
0.97500E  01 
0.877O0E  01 
0.64600E  01 


0.20000E  00 
0.53000E  OO 
O.IOOOOE  01 
0.17000E  01 
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0.94000E  01 
0.1O700E  02 
0.1150OE  02 
0.14000E  02 
0.16310E  02 
0.18000E  02 
0.20140E  02 
0.23160E  02 
0.26100E  02 
0.29020S  02 
0.322e0B  02 
0.35090E  02 
0.37000E  02 
0.38950E  02 
0.41750B  02 
0.43600E  02 
0.45610E  02 
0.48740E  02 
0.52000E  02 
0.5396OE  02 
0.5700OE  02 
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0.69000E  02 
0.71680E  02 
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0.83OOOE  02 
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0.97000E  02 
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d/1  =  0.216 

r^^/l  =  0.065 

r„/l  =  0.0224 
n 


Profile  coordinates  (nominal) 


Location  Surface  Bitanyontial  Diameter 
coordinate  coordinate  width 


Pitch 


'  Suction  side,  (.s/s^lg 

Table  2:  Geometry  of  holes  and  slots  for  slinuiated  cooling 


Configuration 

o  tminl 

arc  cos^2j 

Nominal 

33.66 

63.37° 

Solid 

blade 

33.93  1  0.08 

63 .14°  t  0.07° 

A 

- 

33.91  i  0.17 

63.16°  j  0.15° 

u 

_ 

33.89  ±  0.16 

63.17°±0.14° 

E 

33.84  ±  0.13 

63 .22°  ±  0.12° 

Table  3:  Average  and  standard  deviation  of 
throat  and  gauging  angle  over  four 
central  pitches  (s  =  75.1  mm) 
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Fi(i.  16.  liaminar  and  turbulent  shock-bound* 
ary  layer  interaction  on  a  flat 
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Pig.  17.  Laminar  and  turbulent  shock-bound- 
ary  layer  interaction  on  a  CAST- 
profile,  after  Sobieezky  and 
Stanewski  1181 


Fig.  18.  Pitot  surface  probe  results 
configuration  A 
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Pitot  surface  probe  results 
configuration  D 
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DISCUSSION 


K.F);i;cbrccht,  fie 

Ciiii  I  conclude  rroiit  one  of  your  liisl  figures,  that  configurulioii  A  wilii  a  pmpcrly  designed  Li:  coolant  ejection  and 
eonveelioii  cooled  ii:  has  no  adverse  llierniodynantic  effect  at  all? 

Aiillior’s  Reply 

Due  to  the  parlieulai  design  of  configuraiion  A  and  due  to  the  investigated  rattle  of  C,;  ,.,,  0  to  4%,  no  coolant  was 

ejected  through  the  leading  edge  holes  as  shown  in  l•igllre  5.  Trailing  edge  ejection  is  favt'urahle  in  the  case  of  moderate 
mass  flow  coefficients. 


S.C.Arora,  Ca 

It  is  interesting  to  see  that  the  trailing  edge  ejection  has  favotiralric  effect  aitd  reduces  the  overall  loss.  'This  conrirnis  the 
fiiiding  of  other  workers  and  one  <4  Iheiii  is  by  Anderson  but  not  referred  to  in  yoiir  work.  'This  work  appcaretl 
probably  in  early  7l)s  in  ASMI:  or  AIAA.  You  may  be  interested  in  looking  into  this  work. 

Aiithur'.s  Reply 

'Thank  you  for  your  sidvicc.  In  fact,  trailing  edge  ejection  has  a  favourable  effect  on  the  eascade  perforinance  as  has  been 
shown  in  Keferenee  |.1|  to 
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